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Abstract
With the discovery of NMR in 1940 by F. Block and E. Purcell, disciplines such
as chemistry, medicine, biology and material science gained a precious analyti-
cal tool. The aim of this work is to explore new applications of NMR methods
for characterizing polymer material interaction with solvents and plasticizers.
First, compact NMR is used for interaction studies of hydrocarbon solvents
with solid polymers. By making use of stray-field NMR for non-destructive
testing, semi-crystalline polymer samples interacting with isooctane, diesel and
biodiesel are analyzed. Furthermore, self-diffusion of small penetrants in semi-
crystalline polymers and biological tissues is investigated with this technology.
Moreover, plasticizer migration in PVC material is studied under different ac-
celerated aging conditions. A microscopic screening of the plasticizer loss is
monitored employing stray-field NMR depth profiles while structural changes
occurring in the material are depicted via high-field NMR protocols.
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Chapter 1
Introduction
The discovery of Nuclear Magnetic Resonance (NMR) by F. Bloch and E. Pur-
cell in 1946 brought a new and powerful tool of investigation to polymer science.
NMR is widely used to follow polymer synthesis and innovative processing, to
test polymer modeling and smart functional materials, and for advanced polymer
characterization [Dar1,Dar2,Kuh1]. By applying the appropriate NMR methodology,
the structure and dynamics of the polymer chains are investigated [Kim3,Due1]. In
this way, information about properties as well as changes occurring in the poly-
meric material are collected. Moreover, NMR technique can be used to estimate
the mass transport properties of polymers [Kwa1,Wal1]. Conventionally, NMR exper-
iments in polymer science are performed on the so called high-field instruments.
In order to have a maximum sensitivity, high magnetic fields are desired due to
the signal-to-noise ratio which is directly proportional to the static magnetic field
of the magnet [Hou1,Nis1]. Beside this, spectra lines narrowing constitute a valuable
advantage not only for small quantities but also for high resolution analysis (see
chapter 6). To date in research facilities, superconducting magnets generating up
to 23.5 Tesla (T) are used as high-field NMR are unsurpassed when it comes to
spectroscopy for rigid polymers. Methods such as Cross Polarization (CP) and
Dipolar Decoupling (DD) in combination with Magic Angle Spinning (MAS) can
provide unique information about the structure of the material.
Despite the fact that superconducting magnets offer the flexibility needed
for high-resolution spectroscopy, they are expensive, have a large foot print, re-
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quire considerable maintenance such as cryogen liquids refilling. This limits their
use to dedicated laboratories. However, for many applications, a magnetic field
of about 1 T is enough. This order of field magnitude can be achieved by means
of permanent magnets, making the device cheaper, more robust, and lighter (less
than 10 Kg) in comparison to the conventional setups (more than 1 tonne). Mo-
bile NMR devices, nonetheless, suffer from field inhomogeneity and sensitivity
problems which considerably lower their performance. However, in 1996, based
on stray field NMR, Bernhard Blu¨mich et al. at the Aachen University came up
with a relatively low cost NMR device, the NMR-MOUSE R© (Mobile Universal
Surface Explorer) [Blu¨1], that has extensively been used for non-destructive ma-
terial testing. This device brought multiple advantages over conventional NMR
hardware, inter alia, the possibility to carry the whole device (NMR sensor and
electronics) as hand luggage to a measurement site. On the other hand, due to its
open geometry, there is no more restriction concerning sample sizes. Moreover,
measurements can be conducted while the sample serves. This has successfully
been applied in pipeline testing (polymer pipes) and human skin studies [Blu¨2,Kor1].
Finally but not the less, the presence of relatively high field gradients in such de-
vices was exploited to measure diffusion coefficients that are difficult to access
using standard pulsed field gradient NMR (PFG-NMR) [Rat1].
Rigid polymers can present a semi-crystalline morphology i.e a juxtaposi-
tion of crystalline and amorphous domains in the same material. This gives many
advantageous mechanical properties to the material. Added to their low weight
and nice esthetic contours, semi-crystalline polymer has become one of the most
versatile material in the modern world. Their use as materials for manufacture
of daily items is constantly increasing. Semi-crystalline polymers are replacing
traditional materials, such as wood, cotton, glass, in an enormous range of con-
sumer and industrial products. Plastics are used in cars to save weight, they are
used as insulating materials, etc. Due to so much versatility, the study of the
lifetime of polymer made materials is nowadays more relevant than ever. Poly-
mers are susceptible to aging under exposure to various conditions encountered
while serving. This includes aggressive conditions such as high energy radiation,
large concentrations of corrosion gases, high temperature such as encountered in
combustion, or basic chemical (slow) processes which can occur while exposed to
2
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typical end-use environments such as air, sunlight, and small molecules. On the
other side, during material processing, many substances which modify the me-
chanical and/or chemical properties of the polymer in an advantageous way are
added, and during the polymerization process, small amount of monomer are also
entrapped in the final material. Such additives and impurities may participate in
the slow chemical degradation of the polymer and, of course, add to the general
complexity of the polymer aging.
The objective of this thesis was to develop NMR methodologies for rigid
polymer characterization. Thus, in chapter 2, some basic single-sided and solid-
state NMR methods applied to semi-crystalline polymers are reviewed. An overview
of both techniques in the context of solid polymers is presented, and prerequi-
site concepts and experimental procedure for relaxation times (T1, T2, T2eff) and
self-diffusion coefficients (D) measurements are introduced. The remaining chap-
ters are organized around the application of single-sided and solid-state NMR to
characterize semi-crystalline polymer systems.
Chapter 3 examines in more detail the interaction of hydrocarbons with
semi-crystalline polymer materials. The approach exploits the change in T2eff
that occurs due to liquid ingress in the material. Under different accelerated ag-
ing conditions such as high temperature and pressure, the suitability of polyethy-
lene and polypropylene made tubing material for hydrocarbon transportation is
investigated. A comparison between fossil fuels and future fuels (bio-fuels) is also
conducted to find out how far the actual pipes would fit to bio-fuel transporta-
tion.
In chapter 4, an efficient way to measure proton self-diffusion coefficients (D)
of small penetrant molecules in semi-crystalline polymers with different shapes
and sizes using unilateral NMR is introduced. One-dimensional profiles of D
across plates of semi-crystalline polymers with several millimetres thicknesses
and a heterogeneous structure across their thickness are reported for the first
time. In this same chapter, the method is extended to biological tissues stud-
ies. Morphological and structural changes in the cornea under the application
of hyperosmolar eye drops are monitored in a non-invasive and fast way. Fluid
exchanges between the cornea and the external milieu, driven by the osmotic
pressure, is followed.
3
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Adding plasticizers to polyvinyl chloride (PVC) materials makes them flexi-
ble, softer, workable, and decreases their glass transition temperatures (Tg), which
is the temperature at which the plastic becomes brittle [Ham1]. However, having
plasticizers migration when the plasticized PVC material is in contact with a sur-
rounding medium constitutes a potential limitation in their use. The surround-
ing medium may be gas, liquid, or a solid. In chapter 5, volatility assessment
of PVC plasticizers when submitted to thermal aging conditions is contemplated
using the NMR-MOUSE. The relative plasticizer loss is evaluated while the ac-
celerating effect of activated carbon on the plasticizer migration is also studied.
Finally, the sixth chapter is concerned with one dimensional (1D) microscopy and
high-resolution spectroscopy of solvent mediated elution of plasticizer from PVC
material. The time dependence effect of sample contact with organic solvents is
investigated. In both chapters devoted to plasticized PVC material, the molecu-
lar size, type, and amount of the used plasticizer is deliberated for the plasticizer
loss.
4
Chapter 2
Basic single-sided and solid-state
NMR methods of rigid polymers
This chapter presents only NMR methodologies applied in this thesis and there-
fore is not a comprehensive description of NMR methods which can be applied
to study polymers. The spectroscopic information was assessed using high mag-
netic fields while relaxation and diffusion were measured at low field using a
NMR-MOUSE device.
2.1 Single-sided NMR
Single-sided NMR devices are open relaxometers (Fig. 2.1), and despite their ge-
ometry that can vary, the working principles remain the same as for conventional
NMR devices. For the purposes of this introduction, we restrict our attention to
the NMR-MOUSE R© (MObile Universal Surface Explorer). Since the first NMR-
MOUSE prototype was build in 1995 [Blu¨1], its development is continuous and
great achievements include gradient strengths of about 45 T/m, and penetration
depths of 30 mm. The NMR-MOUSE sensor can be used to study arbitrary sized
samples in a non-destructive way, and due to the sensitive slice which can be
repositioned across the object between consecutive experiments, this unilateral
NMR scanner produces one-dimensional profiles of the sample structure with a
spatial resolution better than five micrometres [Cas1]. To meet all these futures,
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the NMR-MOUSE is designed as a small stray-field sensor that is often based
on a U-shaped geometry. In this case, it is composed of magnet blocks having
antiparallel polarization arranged on an iron yoke (see Fig. 2.1). This leads to
a layer with a static magnetic field B0 that is parallel to its surface (sensitive
volume). An efficient surface radiofrequency (rf) coil can then be mounted in
the gap between the magnets to generate a B1 rf field and to acquire the NMR
signal [Cas1] in the sensitive volume of the device which is indicated as a shaded
area in Fig. 2.1. As a consequence of its unilateral geometry, the device employs
low and inhomogeneous magnetic fields whose different volume elements in the
sample contribute destructively complicating the measurement of the direct im-
pulse response (Free Induction Decay) to a rf excitation as the latter vanishes
too rapidly [Per1]. Moreover in rigid polymers, the presence of dipolar couplings
cause a rapid FID dephasing. Therefore, the signal must be acquired as quickly
as possible after the excitation pulse. In the case of single-sided NMR, this is
even more difficult due to distortions caused by turning off the excitation pulse
(pulse ring-down effect) [Dot1]. To overcome these destructive interferences, NMR
echo techniques are often used to recover the NMR signal decay [Boo1,Ern1,Kai1,Son1].
When applied to solids, this can lead to one or many regularly sampled echoes
(echo-train) (see Figs. 2.3, 2.4, 2.5) instead of the Free Induction Decay (FID).
The amplitude and shape of the echo-train′s envelope is just an approximation
of the decay in an homogeneous field as resonance offset effects cannot be sup-
pressed. This is why the T2 relaxation times retrieved by the NMR-MOUSE and
by stray-field NMR in general, are often referred to as T2 effective (T2eff). T2eff
includes contributions from stimulated echoes which relax with T1, making T2eff
typically longer than T2. Despite the fact that the results are analyzed in terms of
T2eff instead of T2, Blu¨mich et al.
[Blu¨2] showed that the NMR-MOUSE data yield
results which are comparable to those obtained using conventional NMR devices.
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Figure 2.1: A magnet geometry used for a single-sided NMR sensor with a planar
sensitive slice (Profile NMR-MOUSE). It consists of four permanent magnet blocks
positioned on an iron yoke separated by dB and dS which are optimized to have a
depth where the magnetic field is flat, and a surface rf coil to pulse and receive the
NMR signals (square shaded area orthogonal to y-axis) [Per1].
2.1.1 Pulse sequences to measure T2eff and T1
2.1.1.1 Hahn-echo (T2) and CPMG sequences (T2eff)
The Hahn-echo (or spin-echo) sequence is made up of a series of events (Figs.
2.2-3): 90◦ pulse - 180◦ rephasing pulse at TE/2 - signal reading at TE, the so-
called echo time. Starting with the net magnetization initially parallel to the
main magnetic field (B0), the 90
◦ degree pulse (B1) flips the magnetization into
the horizontal plane. Due to magnetic field inhomogeneities, some protons pre-
cess at lower local field strength (and so begin to progressively trail behind) while
some do it at higher field strength and start getting ahead of the others. The
distribution of magnetic field strengths leads to the dephasing of spins and with
it to the loss of signal due to dephasing. A 180◦ pulse is then applied so now the
slower protons lead ahead and the fast ones trail behind. Progressively, the fast
spins catch up the slow ones and a complete refocusing occurs at TE. The magne-
tization can then be detected with better efficiency. The experiment is repeated
while TE is regularly varied and by fitting the echo amplitudes to an exponential
function, the spin-spin relaxation time is calculated. Although Hahn-echo mea-
sures accurate T2 values, measurements are time-consuming as time has to be
allowed between experiments for the whole spin system to rebuild the magneti-
7
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zation along z-axis.
Figure 2.2: Schematic description of the Hahn-echo sequence. It shows the evolu-
tion of two groups of spins after each pulse. The echo is formed when both vectors
align (at t = TE).
Figure 2.3: Hahn-echo pulse sequence. The echo is formed after TE ≈ 2τ but
measurements can be time-consuming as the recycle delay (RD) that is allowed
between two experiments strongly depends on the spin lattice relaxation time of
the sample.
The Carr-Purcell-Meiboom-Gill Method (CPMG) sequence which is the
most used with the NMR-MOUSE, is a type of spin echo pulse sequence consist-
ing of a 90◦ pulse followed by a train of 180◦ rf rephasing pulses that generates a
train of echoes useful for measuring T2eff in a single experiment (see Fig. 2.4):
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- At time t = TE/2, a 180
◦ pulse is applied and the echo maximum occurs at
time TE.
- Another 180◦ pulse at time 3TE/2 will result in another echo at time 2TE.
- By applying further 180◦ pulses with a spacing of TE, echoes occur between
each of the pulses.
The envelope formed by the acquired signal is a shadow of the T2eff and its value
can be determined using the intensities (or area) of the regularly detected echoes.
Moreover, by appending such a sequence to a primary sequence (main sequence),
measurement sensitivity can be improved as conveyed in the following chapters.
Figure 2.4: Carr-Purcell-Meiboom-Gill pulse sequence. After a 90◦ pulse, 180◦
pulses are used to refocus the transverse magnetization and generate an echo-train.
Although spin-echo methods (Hahn-echo, CPMG, etc.) are efficient in can-
celling distortions that are due to magnetic field inhomogeniety, they are limited
in resolving the strong dipolar couplings that exist in rigid polymers and which
allows only a short time for NMR signal observation. To overcome this, the
solid echo sequence whose formation and shape have been extensively investi-
gated [Eau1,Pow1,Pow2,Man1,Sin1], enables the detection of NMR signals whose initial
behavior is obscured by receiver dead time [Bod1], has proved its efficiency when
used to trigger rephasing of the spins by the means of two consecutive 90◦ pulses.
Indeed, in a solid echo pulse sequence, a so called ”solid-echo” occurs at a time
9
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2τ after the first 90◦ pulse provided the pulse separation τ is small compared to
the transverse relaxation time T2
[Pow1,Pow2,Man1]. In the present work, the classical
solid echo sequence modified by adding a train of 90◦ pulses regularly spaced is
used, provided the right phase cycling (see Fig. 2.5) so that many echoes are
acquired in a single experiment (multi-solid echo sequence) [Ost1,Man2].
Figure 2.5: Multi-solid echo sequence applied to group of magnetic spins where
strong dipolar couplings damages the NMR signal.
2.1.1.2 Spin-lattice relaxation measurements (T1): The saturation-
recovery sequence
To measure the relaxation time T1, the saturation-recovery sequence uses a series
of 90◦ pulses at the beginning such that the magnetization is reproducibly set
to zero. The delay tsaturation between the 90
◦ pulses is kept longer than T2 but
much lower than the expected T1 value. After allowing a variable recovery delay
(trecovery), a further echo is generated in order to read the value of the rebuild
magnetization on the z-axis (see Fig. 2.6). The variation of the signal amplitude
for different recovery delays is described by:
M(trecovery) = M0[1− exp(−trecovery
T1
)] (2.1)
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Figure 2.6: Saturation-recovery pulse sequence used to measure T1 relaxation.
2.1.2 CFG-STE: Self-diffusion coefficient measurement
Self-diffusion coefficients are often measured using pulsed field gradient methods
that are successful in conventional NMR. While the Pulsed (field) Gradient Spin
Echo (PGSE) is best suited for systems in which the transverse relaxation (T2)
is not much faster than the longitudinal relaxation (T1), the Pulsed (field) Gra-
dient STimulated (spin) Echo (PGSTE) method illustrated in Fig. 2.7 yields
much more sensitivity in semi-crystalline polymer-solvent systems as T2 is much
shorter than T1
[Cas1]. In pulsed field gradient experiments, the recorded signal is
proportional to exp[−(γgδ)2D(∆ − δ
3
)] where γ denotes the gyromagnetic ratio
of the observed nucleus, g the gradient strength, δ and ∆ are delays and D is the
diffusion constant [Kim1]. The delays (γ and ∆) are kept constant, the experiment
is repeated as many times as needed whilst incrementing the gradient strength
(Fig. 2.7), and the self-diffusion coefficient extracted using fitting routines.
When a static magnetic field gradient G0 is present during the whole
experiment as encountered with the NMR-MOUSE, the pulse sequence has to
be modified into the Constant Field Gradient STimulated Echo (CFG-STE) se-
quence which also can serve to encode spatial displacement information into the
spins evolution. The main difference between CFG-STE and PGSTE lies in the
delays which are varied instead of the field gradient strength (Fig. 2.8). Refer-
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Figure 2.7: A stimulated echo variant, referred to as PGSTE, of the standard
Stejskal-Tanner Pulsed Gradient Spin Echo (PGSE) pulse sequence [Mai1]. γ is the
gradient pulse time, ∆ is the diffusion time, and g is the strength of the applied
gradient pulse.
Figure 2.8: Constant field gradient pulse sequence for self-diffusion coefficient
measurements.
ring to the STRAFI (STRAy Field Imaging) technique [Don1,Kim2], which is a fixed
gradient technique, this systematic variation of the pulse delays (τ1, τ2) can lead
to a direct measurement of relatively low diffusion coefficients when large static
gradients comparable to the ones found in the stray field of high field magnets
are employed. In that like, self-diffusion coefficients up to 10−16m2/s were mea-
sured using single-sided NMR [Rat1]. Indeed, the high field gradient provided by
the NMR-MOUSE overcomes relative contributions from background gradients
that are due to susceptibility variation across the sample so that self-diffusion
12
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coefficients of small penetrants in polymeric materials can be measured. This is
discussed in more details in chapter 4.
2.2 NMR spectroscopy of solid polymers
In regular NMR spectroscopy experiments involving 1H, 13C, and other nuclei,
a one-dimensional (1D) experiment is carried out using a single-pulse excitation
(SPE) sequence: The operator ensures that the sample is at thermal equilibrium,
and then an rf signal of sufficient power and for a sufficient period of time is
transmitted to the sample. This moves the magnetization vector from its initial
direction (usually by 90◦). The signal that evolves due to precession of the mag-
netization vector is measured after the pulse. Then, the measured Free Induction
Decay (FID) of the magnetization is Fourier transformed from the time domain
to the frequency domain. In the context of NMR spectroscopy in rigid poly-
mers, double-resonance experiments are often used for obtaining high resolution
13C spectra. In this section dipolar decoupling and cross polarization sequences
carried out under MAS conditions are outlined.
2.2.1 Magic angle spinning (MAS)
In contrast to liquid state NMR where due to the rapid random motion of
molecules all interactions (chemical shift anisotropy and dipolar coupling) are
averaged to zero, the NMR spectra of solids generally show very broad lines. The
1H-NMR and 13C-NMR spectra of solids under regular acquisition conditions
show signals usually wider than their chemical shift range. The most frequently
used method to achieve partial or complete (depending on the sample) averaging
of such anisotropic spin interactions is by spinning the sample about an angle
of 54.736 degrees with respect to the static magnetic field at a frequency that is
greater than the extent of the interaction being averaged [Mcb1]. This technique is
called magic angle spinning (MAS) and is extensively used in particular for can-
celling shielding anisotropy and relatively weak homo and heteronuclear dipolar
couplings. Although current commercially available probe systems can readily
achieve spinning rates up to 35 kHz for 2.5 mm rotors, MAS is still often not suf-
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ficient to average out all the anisotropies. 1H-1H dipolar couplings in polymers
are often greater than 20 kHz thus cannot be resolved.
2.2.2 Direct polarization (DP)
The heteronuclear coupling between the probed nucleus and another nucleus (with
a magnetic spin) present in the sample which contributes in shortening the ac-
quired signal and thereby decreases experimental sensitivity, is especially observed
for low sensitivity nuclei such as 13C for which the signal is attenuated due to
the protons present in the vicinity of each carbon. In this case, the technique
required is to apply decoupling to the neighboring nucleus (1H), that decouples
proton and carbon spins, while the signal from the probed nuclei (13C) is ac-
quired (see Fig. 2.9). There are a number of decoupling methods based on the
same principle: A rf irradiation with a bandwidth of a few kilohertz or more
tuned to the Larmor frequency of the neighboring nucleus (that differs from the
Larmor frequency of the observed nucleus) is transmitted to the sample. This re-
sults in nuclear spin transitions that cancel the spin coupling, unifying the signal
that appears stronger. High field direct polarization under MAS (DPMAS-NMR)
that has been found to be well suited for the characterization of solids as well
as heterogenous materials (containing ”soft” and ”hard” phases) [Fra1,Pre1,Now1] is
extensively applied in chapter 6 to investigate plasticizers in PVC materials.
Figure 2.9: Direct polarization pulse sequence for 13C signal acquisition.
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Figure 2.10: Cross-polarization pulse sequence with decoupling during 13C signal
acquisition.
2.2.3 Cross polarization (CP)
13C NMR spectra sensitivity can be improved for samples containing protons by
transferring magnetization from the abundant proton source to the dilute 13C
nucleus during ”a contact” period in a process called cross polarization (CP)
illustrated in Fig. 2.10. For this, a 90◦ pulse on the 1H is followed by a contact
time during which rf fields for both 1H and 13C are turned on following the
so-called Hartmann-Hahn matching condition (Eq. 2.2) that brings the cross
polarization about:
γHB1H = γCB1C (2.2)
where γ and B1 represent respectively the gyromagnetic factor and rf field while
the indices H and C denote the proton and carbon nuclei. Under this condition,
the two species of spin may exchange energy via their dipolar interactions, thus
enhancing 13C magnetization that is then detected while the abundant protons
are decoupled (Fig. 2.10). This can substantially increase the NMR signal with
maximum gain in sensitivity limited to the gyromagnetic factor ratio between
1H and 13C (γH
γC
≈ 4). Further details about the methodology can be founded
in literature [Due1,Due2,Ste1]. Moreover, 13C CP under MAS (CPMAS) is used to
obtain high-resolution spectra in a shorter amount of experimental time [Con1].
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Chapter 3
Interaction of semi-crystalline
polymers with hydrocarbon
solvents
In the last decades, polymers became one of the leading materials for tubing and
storage vessels in many chemical engineering applications due to their multiple
advantageous properties such as flexibility, low weight, and good corrosion resis-
tance [Koc1]. In all these applications, liquids come into contact with pipe walls
and therefore, one relevant question in this field is the effect of the media on the
polymeric materials. This can be characterized by studying the aging of the ma-
terial [Hum1,Lu¨t1,Hed1,Vou1], aging being an important issue from the point of view of
cost and reliability. In order to assess the potential of NMR profiling in this con-
text, a range of laboratory studies on semi-crystalline polymers (polypropylene
and polyethylene pipes) subjected to accelerated aging under various conditions
(media at elevated temperature without and under temperature gradients) are
presented in this chapter.
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3.1 NMR relaxometry for polymer aging char-
acterization
3.1.1 Semi-crystalline polymer aging
Chemical aging is governed by weak bonds rupture which shortens the poly-
mer chains and by cross-linking which results in a tighter network structure.
Indeed, the absorption of ultraviolet radiation or thermal energy can lead to
bond-breaking processes occurring in polymer backbone bonds to lower the av-
erage length of the polymer chains and/or in pendant group bonds leading to
the formation of small molecules (chain scission). Another important mechanism
related to the degradation of polymeric material is oxidation. This takes place
in the presence of oxygen and temperature. The initiation involves the reaction
between a free radical on a polymer chain and an oxygen molecule. It is followed
by a chain reaction until inactive products are produced.
Initiation: R•+ O2 → RO2•
Propagation: ROO•+ RH → ROOH + R•
Termination: ROO•+ ROO• → Inactive products
The initiation and propagation reactions involve the extraction of a hydrogen
atom and accordingly polymers with weak C-H bonds would be the most vulner-
able in this situation. As the reaction is mainly controlled by heat and oxygen
diffusion, the amorphous phase is more subject to oxidation as the crystalline
regions of the polymer are less permeable than the amorphous parts. This is
often followed by the formation of new bonds to give an alteration of the origi-
nal polymer structure (cross-linking). On the other side, the presence of oxygen,
water, and atmospheric pollutants can alter these processes, leading to the for-
mation of new types of chemical groups. Bond-making processes between chains
can give cross linked material of increased molecular weight and rigidity that can
be noticed by changes in many physical properties of the polymer.
Besides chemical aging, physical aging which is related to volume relaxation
also occurs in polymeric materials. In fact, during this aging process that is also
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referred as annealing, the material free volume decreases (increasing degree of
chain packing) and is accompanied by mobility loss of the molecular segments,
both of which cause physical property changes. Upon physical aging, polymeric
materials mainly become stiffer and more brittle, their damping and creep rate
decrease while density increases [Str1]. In semi-crystalline polymers, this also leads
to redistribution in the polymer phases (amorphous and crystalline), causing pro-
nounced effect on the mechanical behavior of the end use material.
Physical properties of rigid polymers have been measured using several es-
tablished techniques. With Differential Scanning Calorimetrie (DSC) for exam-
ple, one can easily measure the glass transition temperature (Tg) and the melting
temperature (Tm), the latter quantities being directly related to the morphol-
ogy (glassy regions, crystallinity) of the material. The mechanical properties
that define the reliability of the material can be accessed through the Young′s
modulus, elongation at break, yield stress, and others. The previous cited pa-
rameters provide incomplete information due to their measurements that are
performed on bulk samples whereas aging occurs in a heterogeneous way in ma-
terials [Ala1,Ver1,Tak1,Zha1]. With X-rays spectroscopy, crystalline regions of the ma-
terial are well resolved to the detriment of amorphous regions where aging mostly
occurs [Str1]. On the other hand, NMR has extensively been used in polymer sci-
ence [Hed2,Kit1,Blu¨1] with NMR profiling by unilateral stray-field being one of the
most promising methods for truly non-destructive characterization of polymeric
materials as introduced in the previous chapter.
3.1.2 NMR relaxation parameters and solid polymers
NMR relaxometry uses attenuation of single-quantum coherences (coherences be-
tween states that differ by ±1 in magnetic quantum number) to generate NMR
signal. In rigid polymers, these coherences are lost due mainly to 1H-1H dipo-
lar interactions with frequencies of the order of 100 kHz or less. Indeed, due
to the polymer chain motion, the local field resulting from the dipolar interac-
tion changes and thus causes a change in the precession frequency of the NMR
observed nuclei. In the case of proton NMR, the molecular motion leads to a
perturbation of the local field [Spi1]:
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Bloc = ± µ
2r3
(3 cos2 θ − 1)γ, (3.1)
where r denotes the distance between two nuclei while θ represents the angle be-
tween the inter-nuclear vector and the main field B0. The motion of the molecules
directly influences θ, and depending on how the latter fluctuates, the relaxation
process will be fast or slow. The relaxation times are thus strongly related to
the variation of the dipole-dipole interactions with the molecular motions, and
both parameters can be described by a time constant τc called correlation time
which can be understood as the time interval between successive reorientations
following vibration, rotation, or translation motions in the polymer chain [Kim1].
This successive reorientation of the molecules induces a spread of precession fre-
quencies [Spi1],
J(ω) =
2τc
1 + ω2τ 2c
. (3.2)
In general, the relaxation process in semi-crystalline polymer materials above
the Tg exhibits different molecular mobilities that give rise to different contri-
butions to the relaxation signal. High crystallinity and cross-link density cause
slow molecular dynamics while oscillations of side-chains suffer faster molecular
dynamics.
Measurements carried out with NMR-MOUSE sensors can be approximated
with a multi-exponential function [Blu¨2]:
M(t) =
n∑
i=1
Ai exp(− t
T2eff i
), (3.3)
in which M(t) represents the magnetization function, Ai the signal amplitude in
the system such as crystalline, amorphous, interphase between crystalline and
amorphous phases or penetrant in the polymer particle, and T2eff i are the relax-
ation times of the fore-mentioned fractions.
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3.2 Materials
Measurements were performed on polyethylene (PE) and polypropylene (PP)
samples prepared as rectangular sticks (100 × 100 × 3 mm3) which were exposed
to three different liquids: isooctane, petrodiesel, and biodiesel. Following a first
procedure, the samples were fully immersed in the various liquids at 60 ◦C for
up to 112 days while for the second procedure, samples were in contact with
isooctane on one side whereas a temperature gradient was induced across the
sample (-10 ◦C to 60 ◦C as illustrated in Fig. 3.1. In both procedures, once
the samples were removed from the liquid, then weighed, mechanical and NMR
measurements were performed on them. The change in mass of each sample was
Figure 3.1: Sample preparation in autoclaves where temperature and pressure are
set. a) Complete immersion in the liquid. b) Unilateral contact between sample
and liquid.
calculated and expressed as a percentage of its original mass:
Masse uptake(%) = (
M −M0
M0
)× 100, (3.4)
where M0 and M are respectively the initial mass and the mass after the treat-
ment time.
The NMR experiments were performed at room temperature with a single-
sided NMR-MOUSE sensor (proton resonance frequency 20.6 MHz) the natural
gradient of which can be exploited to obtain depth resolution into the material
(up to 5 mm). More details about the profile NMR-MOUSE sensor are given
in the preceding chapter. The 90◦ pulse was optimized for a length of 2.2 µs
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corresponding to a sensitive volume of about 1 cm × 1 cm × 400 µm.
On the other hand, semi-crystalline polymer morphology can be described
by the presence of three distinct phases: Ordered crystalline regions that are well
packed long chains, amorphous regions organizing such as coils and interphase
marking the transition between the fore mentioned regions. Under all this, the
data obtained were analyzed in terms of effective relaxation times (T2eff) charac-
terizing the crystalline (T2eff short), amorphous (T2eff long) and intermediary phases
(T2eff inter):
M(t)
M0
= Ashort exp(− t
T2eff short
) + Ainter exp(− t
T2eff inter
) + Along exp(− t
T2eff long
),
(3.5)
where M0 and M(t) represent respectively the magnetization at equilibrium and
at any time t. For PP samples, the analysis with three component exponentials
failed and the data better converged with a two component fit. This confirms
the smallness of the interphase at room temperature (Tg ∼ 0 ◦C) [Hed1]. Thus,
in the frame of this work only crystalline and amorphous phases are considered
for PP samples. Moreover, the relaxation times in the crystalline phase did
not show significant changes for all the samples through the various experiments
while intermediate regions variations for PE were very little and could not lead
to sustainable conclusions. This is in good agreement with the general concept
that the liquid ingress in semi-crystalline polymers exclusively occurs in their
amorphous regions [Goo1,Kwa1]. Therefore, the results are further discussed in terms
of relaxation times in the amorphous domains T2eff long.
3.3 Results and discussions
3.3.1 Aging in isooctane
3.3.1.1 Polyethylene in isooctane at high temperature
NMR relaxation rate profiles shown in Fig. 3.2 indicate that the PE samples
are well saturated after 7 days of immersion at 60 ◦C in isooctane via a homo-
geneous uptake of solvent by the samples. Following an increase after 7 days
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of immersion, the relaxation times slightly decrease due to the elongation of the
chains upon liquid ingress and the equilibrium is fully reached. This is well re-
solved in Fig. 3.3 where the mass uptake calculated from Eq. 2.6 for the bulk
sample is about 8%. This is in good agreement with previous studies on similar
polymer-solvent systems [Har1,Fle1]. Indeed, when placed in a good solvent (with
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Figure 3.2: Profiles of the effective relaxation rates across PE samples after
various immersion times in isooctane at 60 ◦C. The lines are guides for the eye.
similar solubility parameter), two competing forces are engaged. The free energy
of mixing (solvent-polymer) will cause the solvent to penetrate the free volume
and try to dilute the amorphous polymer. This entropic increase may be en-
hanced by increasing the temperature. As the polymer chains in the amorphous
polymer network begin to elongate (conformation of chains) due to the swelling
action of the solvent, they generate an elastic retractive force in opposition to
this deformation. The stationary state is reached when the two present forces
balance each other, this also leads to a steady volumetric swelling. Moreover, the
reorientation of the crystalline regions that can more freely move upon swelling
will also be viewed as decreasing the amount of excess free volume, bringing the
polymer chains closer [Kee1] and thus less solvent uptake as depicted in Fig. 3.3.
Given that the solvent essentially ingresses into the amorphous material, at the
steady swelling state, a direct correlation between the swelling and the amount
of the amorphous material in the sample can be established. Thus, swelling ex-
periments are a simple and low-cost technique to characterize polymer networks.
At the simplest level of analysis, swelling measurements can be used for quality
control and serve as an indexing tool for polymer systems with different levels of
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crystallinity. At a higher level of analysis, the aging occurring in the materials
can be probed by investigating the swelling at different times during a natural or
artificial aging procedure.
Figure 3.3: Swelling of polyethylene samples immersed in different solvents for
various days. The lines are guides for the eye.
Depending on various parameters such as molecular characteristics, mi-
crostructure, strain-rate and temperature, polymeric materials can permanently
deform and ultimately fail. For sufficiently low stresses and strains, semi-crystalline
polymers behave as linear elastic solids while beyond the so-called yield stress [Hum1],
the material stretches out considerably in an irreversible way. The yield stress
defined as the local maximum (just beyond the elastic region) of the stress-strain
curve describing shape changes of the sample when a load is applied, decreases
with the treatment time and can be correlated with the spin-spin relaxation rate
in the sample (see Fig. 3.4). Beyond the yield stress point, further elongation
can lead to an abrupt increase in stress and ultimate rupture of the material.
It is believed that the yield stress during the deformation of semicrys-
talline polymers is determined by the properties of the crystalline phase. In that
like, Popli and Mandelkern observed a linear relation between yield stress and
crystallinity [Pop2] while Brooks et al. could show a correlation between decreased
yield stress and decreased crystal thickness in melt crystallized PE [Bro1]. However,
the data obtained for the samples studied in this work indicated no detectable
changes in the crystalline phase as a result of introducing the penetrant. There-
fore, the observed reduction of the yield stress must have been induced by the
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Figure 3.4: Yield stress of PE samples treated with isooctane at 60 ◦C. a) Ac-
cording to treatment time. b) Correlation with the relaxation rate.
changes in amorphous interlamellar regions. Indeed, introducing low-molecular
weight liquids into the amorphous phase of semicrystalline polymers can lead to
a reduction of the yield stress. The amorphous phase deformation mechanisms
during solvent swelling is based on interlamellar separation [Pop1,Kel1,Kau1,Quy1,Pat1]
where the polymer matrix accommodates the liquid in its free volume. This
causes chain stretching in the amorphous region and ultimately increases the dis-
tance between the lamella. Lamellar separation in the volume of the sample is
accompanied by liquid migrating into the opened gaps.
The analysis of curves presented in Fig. 3.4 indicates a strong dependence
of the stress at the yield point in the presence of a penetrant filling the amor-
phous phase in the material as the amount of liquid sorbed increases with the
swelling time (Fig. 3.3). The determined values were 25.8 N/mm2 for the ref-
erence sample and about 20% less for isooctane-soaked samples. The reduction
of the yield stress as a result of small penetrant absorption has also been ob-
served in the case of polypropylene soaked with xylene [Pet2] and polyamide 6
with water [Pet2,Mir1,Gal1]. Moreover, the Young′s modulus that describes the sam-
ple stiffness decreases with the sample treatment time (Fig. 3.5) due to liquid
ingress leading to a stronger plasticization of the amorphous component as sug-
gested for natural gas condensate-exposed HDPE [Bar1].
These results recall the role of the amorphous component in plastic de-
formation of semicrystalline polymers where the process includes the presence
of crystalline lamellae as well as the amorphous phase. The amorphous con-
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tribution to the modulus of semi-crystalline polymer was extensively discussed
by Lohse and Gaylord [Loh1] taking into account the major types of amorphous
chains (bridges, loops, cilia, floating chains) and their relative influences on the
Young′s modulus as a function of temperature and inherent elastic nature. As
such, a stiffer material would show a higher elastic modulus. When isooctant
penetrates the amorphous polymer, it plasticizes the material by reducing inter-
actions between segments of polymer chains, decreasing Tg, melt viscosity, and
elastic modulus(Young′s modulus). This decrease in the Tg is clearly demon-
strated by an increase in T2eff shown in Figs. 3.2 and 3.10. Such a correlation
between Tg and T2eff relaxation time has been established for rubbery polymers
by Ju¨rgen Kolz [Cas1].
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Figure 3.5: Young′s modulus of PE samples after accelerated aging via hydrocar-
bon solvent at 60 ◦C.
3.3.1.2 Polyethylene in isooctane with a temperature gradient
When isooctane is in contact with only one side of the PE sample, in the presence
of a temperature gradient, ingress profiles show differences of chain mobility in
the layers of the material according to their treatment time (see Fig. 3.6). Signif-
icant changes occur only in amorphous regions confirming that penetrant moved
into the free volume present in the polymer. The variation in T2eff and Along
across the sample profile indicates that the isooctane migrated into the sample
only from the side with the highest temperature. For short immersion times (<
3 days), the liquid ingress into the sample is less than 1 mm. With increasing
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Figure 3.6: Isooctane penetration profiles in PE samples under temperature gra-
dient (-10 ◦C - 60 ◦C).(a) Solvent effective relaxation times with diffusion duration.
b) Relative contributions to the NMR signal from the solvent.
immersion time, the liquid ingresses more and more into the sample and after
112 days of immersion the sample is almost fully saturated across its thickness.
These results clearly show that online monitoring of PE pipes in contact with
various chemicals could be done using simple NMR measurements.
3.3.1.3 Interdiffusion coefficient of isooctane in HDPE
The diffusion profile of the solvent in the sample as illustrated in Fig. 3.6 clearly
demonstrates a concentration-dependent diffusivity in the systems due to tem-
perature, pressure, and structure of the material. This problem has been theo-
retically addressed by Boltzmann while Matano developed the experimental pro-
cedure [Bol1,Mat1]. The Boltzmann-Matano method for evaluating the interdiffu-
sion coefficient in concentration-dependent systems is resumed by the integro-
differential expression (see Appendix A):
Dint(C) =
1
2t
dx
dC
∣∣∣∣
c
∫ c
Matano surface
xdC, (3.6)
whereDint is the interdiffusion coefficent, C the solvent concentration(corresponding
to Along) in the polymer, t the diffusion time, and x the ingress depth into the
sample. Assuming that all volume changes are small the concentration is pro-
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Figure 3.7: Ingress profile of isooctane in HDPE after 7 days contact as detailed
in the previous section.
portional to the liquid sorbed as measured by NMR. The integral in Eq. 3.6 is
computed by choosing for reference the so-called Matano interface that is define
as a plane in the diffusion zone about which there is a balance of mass [Kai2].
The penetration profile of the solvent is antisymmetric about the Matano surface
whose coordinates depend on the time allowed for interdiffusion. By fitting the
experimental data to the ”S” shape of the solvent ingress (Fig. 3.7) that we nor-
malize to the maximum absoption value [Har3], dx/dc is experimentally measured,∫ c
Matano surface
xdC computed, and the interdiffusion coefficient extracted. This fit-
ting is based on an empirical hyperbolic tangent function which models the best
our experimental data:
C(x) = c1 tanh(c2x− c3) + c4), (3.7)
where x represents the depth while ci are constants. The extracted interdiffusion
coefficient that derived from Fig. 3.6 are about 10−13 m2/s. This falls in the
range of 10−11 to 10−16 m2/s that has previously been reported for similar system
where organic solvents and HDPE are involved [Pra1,Vou1].
Another interesting result is that the mean interdiffusion coefficient de-
creases as the solvent migrates deeper in the sample. Form 7.38 × 10−13 m2/s
measured after 7 days, its value falls to 3.02× 10−13 m2/s after 14 diffusing days.
This is due to the temperature gradient that cools down the solvent in the front
line.
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We analyze further how the interdiffusion coefficient compares to the self-
diffusion coeffiecient for HDPE. The interdiffusion coefficient values are 2 orders
of magnitude higher than the self-diffusion coefficients measured in chapter 4 for
similar samples and solvents. This suggests to us that self-diffusion and interdif-
fusion suffer different correlation effects in PE. Indeed, interdiffusion is strongly
influenced by the solubility of the solvent in the sample where the free energy of
mixing constitutes a chemical potential (attractive energy between molecules) as
described in the Flory-Huggins theory. Moreover, the presence of storage effects
represents limits to the effective diffusion coefficient that determines the speed
of the liquid front in the polymer layer, making even more complex the rela-
tion between self-diffusion and effective diffusion coefficients. The self-diffusion
meanwhile can be explained as a random walk of the solvent molecule in the free
volume of the amorphous polymer with crystalline domains acting as barriers,
which is beyond the scope of this chapter.
3.3.2 Aging in petrodiesel and biodiesel
3.3.2.1 Polyethylene in gasoils at high temperature
This part investigates interactions of petrodiesel and biodiesel with polyethylene
(PE) samples at 60 ◦C. Weight changes in PE samples immersed in both flu-
ids for several days are presented in Fig. 3.3 where a mass increase of 7.5% for
petrodiesel and of 3% for biodiesel were measured. Although similar trends were
observed, the 4% less sorption registered in the case of biodiesel reveals a better
resistance toward this solvent compared to petrodiesel or isooctane. In the sam-
ples relaxation time profiles shown in Fig. 3.8, the front describing solvent ingress
progressed somewhat more rapidly for petrodiesel than biodiesel. This informa-
tion is unique to NMR profiling technique as physico-mechanical measurements
have to be performed on bulk samples. For both fluids, saturation was reached
after 56 days of accelerated aging while for isooctane, for the same sample and
procedure, only 7 days was needed.
The shore hardness that measures the resistance of samples to a spring
loaded needle-like indenter penetration is illustrated in Figs. 3.8 and 3.10 where
hardness of samples immersed in petrodiesel dropped most, deriving from the high
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Figure 3.8: Profile of the effective relaxation times across the sample. The treat-
ment times are 3, 7, 14, 56 and 112 days in the liquid at 60 ◦C. (a) Petrodiesel
diffusion in the PE sample and (b) biodiesel ingress in the PE sample.
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Figure 3.9: Shore D hardness of the PE samples immersed in isooctane, biodiesel
and petrodiesel at 60 ◦C.
swelling. The hardness of polymers reflects important qualities such as resilience,
durability, uniformity, strength, and abrasion resistance.
3.3.2.2 Polypropylene in gasoils at high temperature and pressure
Due to its excellent resistance to harsh chemical environments, polypropylene
(PP) has successfully been used in applications such as chemical tanks, industrial
piping, and automotive batteries. Although solubility parameters for fuel oils
and polypropylene are similar, neither biodiesel or petrodiesel could completely
penetrate the samples even after 112 days of exposure to both liquids under high
temperature and high pressure (250 bars) as illustrated in Fig. 3.11. where
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Figure 3.10: Profile of the mean effective relaxation times across the PE samples
at 60 ◦C.
Figure 3.11: Profile of the effective relaxation times across PP samples treated in
various liquids at 23 ◦C under 250 bars. (a) Petrodiesel and (b) Biodiesel ingress
in the PP sample.
noticeable effects were observed only in the first 500 micrometers, close to the
sample surface. Thus, the solubility parameter alone does not adequately describe
all the intramolecular forces present in a solvent-polymer system. As discussed
by Cartner [Car1], dispersion, polar and hydrogen bonding interactions must be
considered separately in order to predict adequately swelling in PP. In this like,
biodiesel that is denser than petrodiesel, exhibits higher inter molecular forces
leading to a higher swelling. Unlike for petrodiesel and biodiesel ingress in PE (see
Figs. 3.8 and 3.10), PP samples resisted for minimum 2 weeks before conceding
liquid into their structure (see Fig. 3.12).
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Figure 3.12: Profile of the mean effective relaxation times across the PP sample
in various liquids at 60 ◦C. The lines are guide for the eye.
3.4 Conclusions
The NMR profiling of hydrocarbon uptake by polyethylene and polypropylene
samples at elevated temperature was explored using the NMR-MOUSE which is
a single-sided NMR sensor suitable for non-destructive characterization of semi-
crystalline polymers. Measurements performed on samples treated through dif-
ferent accelerated aging procedures in different media highlight the importance of
temperature and duration of exposure on organic penetrants diffusivity in semi-
crystalline polymer material. The front describing solvent ingress in the sample
constitute unique information that can exclusively be accessed using the NMR
profiling technique as physico-mechanical measurements have to be performed on
bulk samples. Correlations of such ageing conditions with the physico-mechanical
properties were also established, envisaging the use of NMR profiling technique
in a large number of applications such as life time prediction of pipes in the
field, joints and seal parts. Polypropylene showed a better solvation resistance
than polyethylene, thus best fits in applications where contact with warm liq-
uid and steam may be involved such as chemically-resistant tanks, tubing and
straps. Furthermore, this work compared the absorption kinetics of biodiesel and
petrodiesel in polyethylene and polypropylene rigid material. The compatibil-
ity and resistance of both material to this alternative fuels is explored with a
better resistance towards biodiesel compared to petrodiesel and isooctane when
polyethylene is engaged while polypropylene would resist best to petrodiesel.
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Chapter 4
Self-diffusion of small penetrants
in semi-crystalline polymers and
biological tissues by unilateral
NMR
Diffusion of molecules in soft matter is an important phenomenon in all molecular
chemical processes due to formal upper limit on the rates of chemical and bio-
chemical reactions that is set by the diffusion process. In spite of its importance,
there is a limited number of experimental methods for measuring diffusion coef-
ficients in such substance. Nuclear magnetic resonance (NMR) has become one
of the standards spectroscopic techniques in soft matter studies [Bad1,Gut1,Hol1]. In
addition to scientists using NMR spectroscopy in organic polymer research, this
technique has a central role in biopolymer studies. Thus, this chapter introduces
a novel NMR methodology for a direct assessment of self-diffusion coefficients
of protonated small solvents in organic semi-crystalline polymers and biological
tissues. Comparably to interdiffusion, self-diffusion occurs in absence of any tem-
perature or concentration gradient while atoms that exchange positions are all of
the same type.
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4.1 Theoretical aspects of diffusant-polymer sys-
tems
It has already been observed in chapter 3 that for semi-crystalline polymers, the
amorphous phase would incorporate solvent while the crystalline stays free of any
liquid during swelling. Thus at saturation, a self-diffusion regime is established
with absorbed molecules diffusing in the free volume present in the amorphous
regions while the crystallites act like barriers. This can be modeled by a Brownian
motion with topological constraints of such a porous medium and addressed as a
general problem of molecular physics. However, only few theoretical approaches
modeling self-diffusion in the practical case of semi-crystalline polymers, taking
into account the connectivity and sizes of the free volume, are present in liter-
ature. Many existing approaches are limited or inconsistent due to difficulties
in measuring self-diffusion coefficient via conventional techniques such as sorp-
tion/desorption and gravimetric experiments that provide an average over the
whole sample whereas diffusion is intimately connected with the local morphol-
ogy in the sample [Pet1]. To wrestle with the problem, models based on the free
volume theory are widely used for understanding self-diffusion of low molecular
compounds in semi-crystalline polymers [Fuj1,Vre1,Mas1,Kim1] although the theoretical
basis and physical interpretation of parameters are not yet well established [Fle1].
To establish a complete theory, there is a need for reliable and discrete measure-
ments for microscopic scale analysis that approaches realistic solvent-polymer
systems.
The work of Fleisher [Fle1] illustrates well the above argumentation where
using the free volume theory as suggested by Fujita [Fuj1], an expression for the
self-diffusion coefficient of alkanes in semi-crystalline polymers was derived [Fle1]:
D = A exp(
B
f2 + ∆fφ1
), (4.1)
with ∆f = f1-f2. B represents a constant characterizing the hole needed for a
diffusional jump while f1 and f2 are the fractional free volumes of the diffusant and
polymer respectively. In this formula, only the amorphous part of the polymers
is considered as the diffusant penetrates only into this domain. φ1 denotes the
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volume fraction of the diffusant in this amorphous part. The difficulty relies here
on experimentally determining f1, f2 and B with sufficient accuracy
[Fle1]. Some
works have been done to overcome this problem by calculating the free volumes
f1 of the diffusants from the specific volumes at room temperature, and then
extrapolate to realistic diffusant-polymer systems [Doo1]. The Williams-Landel-
Ferry (WLF) free volume theory is also used in that sense though the model is
still in development [Wil2].
4.2 Self-diffusion in semi-crystalline polymers
4.2.1 Introduction
In the last decades, semi-crystalline polymers have found a broad range of ap-
plications in domestic and industrial products due to their excellent mechanical
and physical properties which originate from the combined contribution of the
crystalline and amorphous phases [Hum1]. In many of these applications, the prod-
ucts come into contact with liquids and therefore the study of the polymer-liquid
interaction is of great interest. One way of characterizing this interaction exper-
imentally is based on the self-diffusion coefficient of the penetrant molecules.
Among the various techniques capable of determining self-diffusion coeffi-
cients D, gravimetry [Lu¨t1,Hed1,Vou1] and pulsed gradient Nuclear Magnetic Reso-
nance (NMR) techniques [Fle2,Fle3,Sel1,Har1] are the ones used most frequently. With
gravimetry, D is estimated indirectly with the help of Fick′s law by analyzing
the weight changes due to liquid ingress until full saturation or due to liquid
evaporation starting with a fully saturated sample. The main drawbacks of this
method are: 1) the method can be applied only for well defined geometries and
fails for samples with complicated geometries and for powders; 2) it can asses
only global information even for samples with intrinsic heterogeneities; and 3)
the measurement is quite demanding as the ingress/evaporation has to be moni-
tored throughout the entire process. Despite these disadvantages, gravimetry was
successfully used to estimate the interdiffusion coefficients of various liquids in
different semi-crystalline polymers, and the results were used to test theoretical
models of solvent diffusion [Lu¨t1,Hed1,Vou1].
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On the other hand, NMR is routinely used to directly measure the self-
diffusion coefficient in the presence of magnetic gradient fields. It has successfully
been applied to a very broad range of liquids in the bulk or embedded in polymer
materials [Wal1]. However, even today, only very few reports exist in the litera-
ture concerning self-diffusion coefficients of small penetrant molecules in semi-
crystalline materials [Fle2,Fle3,Sel1,Har1]. This is mainly due to their low values of D
in such materials. For example, D of small penetrant molecules, such as toluene
or hexane, is on the order of 10−11m2/s for polyethylene (PE) [Fle2,Fle3,Sel1,Har1].
Even if our days equipment with gradient output amplitudes of up to 30 T/m
are commercially available which allow the measurement of diffusion coefficients
as small as 10−14m2/s, the standard NMR devices available in most of the NMR
laboratories can provide gradients of limited insufficiently small values for the
strength (G ∼ 1 T/m) and its duration which make very difficult or even im-
possible to probe the D of small penetrant molecules for PE. Additionally, the
amount of absorbed liquid is typically small (of the order of a few percent) and
the longitudinal relaxation times T1 are short which challenges the determination
of D by common NMR. Moreover, to our knowledge, no direct measurements of D
at different depths have been reported until now for such materials. Yet depth-
dependent investigations are required, as for example, in many aging studies
where aging may give rise to a layer structure in initially homogeneous materials.
One way to probe lower values for D is the use of stronger gradients such as
those used in Stray Field Imaging (STRAFI, up to G ∼ 50 T/m) [Sam1,Don1,Kim2].
Nevertheless, self-diffusion coefficients of small penetrant molecules inside poly-
mer materials appear to never have been measured directly using STRAFI NMR
but rather interdiffusion coefficients have been obtained by modeling fluid ingress
profiles from magnetic resonance imaging (MRI) with the help of Fick′s law [Don1].
An approach alternative to MRI is the use of unilateral NMR devices such as
the GARField (Gradient At Right angles to Field) magnet [Glo1] and the NMR-
MOUSE (MObile Universal Surface Explorer) [Blu¨3] which provide an intrinsic
static gradient in the fringe field with strengths in the same range as the high-field
STRAFI set-up. Such devices work at low static magnetic fields, are portable,
and cost much less then high-field NMR equipment. This makes them attractive
for a variety of applications, even outdoors, for the truly non-destructive char-
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acterization of materials at different depths underneath their surface [Glo1,Blu¨3].
The GARField magnet has been applied to the investigation of liquid ingress
into various polymer materials and for the measurement of D of water inside
some composite polymers with a thickness of some hundred µm with the help
of T2 experiments
[Mit1,Bau1]. To our knowledge, no results about diffusion coeffi-
cients of penetrant molecules in semi-crystalline polymers are reported. On the
other hand, the Profile NMR-MOUSE has already successfully been used to di-
rectly measure D of protonated molecules in rubbery materials and highly viscous
poly(dimethylsiloxane) with high accuracy and in short experimental time [Rat1].
Here we show that the latter approach can readily be applied to rapidly de-
termine 1H self-diffusion coefficients on the order of 10−11m2/s for small penetrant
molecules in semi-crystalline materials. This is demonstrated with polyethylene
samples of different degrees of crystallinity which are fully saturated by n-hexane
or toluene. For the first time, it is shown that a one-dimensional profile of the self-
diffusion coefficients can be obtained in semi-crystalline polymer materials with
a multilayer structure in a truly non-destructive fashion. This is demonstrated
on PE plates with different aging histories. The presented results represent an
important step forward in the characterization of liquid-polymer interaction in
semi-crystalline materials. It can be easily extended to other systems.
4.2.2 Experimental section
4.2.2.1 Materials
PE pellets and toluene with purity higher than 99% were bought from Sigma-
Aldrich. Hexane with a purity of 95% was bought from Haltermann. A commer-
cial HDPE plate from Salzgitter Mannesmann and an off the shelf PE pipe for
gas transportation (3 mm thick yellow pipe) were measured as well. For some
samples, the degree of crystallinity (XDSC) and melting temperature (Tm) were
determined by Differential Scanning Calorimetry (DSC) with a NETZSCH DSC
200 F3 Maia instrument in a temperature range from 25 ◦C to 180 ◦C using a
heating rate of 10 K/min. The crystallinity was derived from the area under the
melting peak using the specific melting enthalpy 293 J/g. Only the results of
the first scan are reported (Table 4.1). For the self-diffusion experiments, the
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samples were fully saturated at room temperature in n-hexane or toluene. Before
starting the measurements, the excess of liquid from the external surface of the
samples was removed and the sample was sealed in a glass tube in order to keep
the concentration of liquid in the sample constant during the measurement.
Table 4.1: Summary of the samples.
Sample Form
T dm X
d
DSC
(◦C) (%)
LLDPEa pellets 124.4 35
LDPEa pellets 116.9 40
HDPE 1a pellets 136.6 56
HDPE 2 plate 141.3 66
PE pipec plate - -
a The pellets have a diameter of about 5 mm.
b The plate is round with a diameter of about 2 cm.
c The plate is round with a diameter of about 2 cm and is cut from a pipe with a
wall thickness of 3 mm. The diameter of the pipe is 1000 mm so that no curvature
effects are present during the NMR measurements.
d The error of the measurement is about 5%.
4.2.2.2 Experimental part
The NMR experiments were performed with the Profile NMR-MOUSE (proton
resonance frequency 20.6 MHz) which is a portable, single-sided NMR sensor [Per1].
The 90 ◦C and 180 ◦C pulses had the same duration of 5 µs but different attenua-
tions. The device has a static magnetic field gradient of 23.86 T/m measured via
the self-diffusion coefficient of pure water. The dimension of the sensitive volume
was about 1 cm × 1 cm × 200 µm. All experiments were performed at room
temperature.
The pulse sequence used to measure the self-diffusion coefficient is based on
a stimulated echo generated in the presence of a steady gradient (SGSTE) (Fig.
4.1). To improve the sensitivity of these experiments, a Carr-Purcell-Meiboom-
Gill (CPMG) sequence was applied after the main diffusion period to generate
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Figure 4.1: Constant gradient stimulated echo (SGSTE) pulse sequence appended
with a CPMG train used to measure self-diffusion coefficients with a single-sided
NMR device.
an echo train which takes advantage of the long transverse relaxation time of the
liquid in the samples. The normalized signal attenuation for the SGSTE is given
by [Cal1]:
ln(
I
I0
) ≈ −γ2G20τ12(τ2 +
2
3
τ1)D − 2τ1
T2
− τ2
T1
, (4.2)
The time delays τ1 and τ2 are defined in Fig. 4.1, T1 and T2 are the longitudinal
and the transverse relaxation times, γ the gyromagnetic ratio, G0 the gradient
strength, and D the diffusion coefficient. The signal I0 corresponds to the ampli-
tude of the echoes at very small τ1 and τ2 times while the signal I corresponds
to the average of the amplitudes of the CPMG echo train which can be done due
to the negligible T2 relaxation.
If τ1  T2 and τ2  T1, the echo amplitude from Equation 4.2 can be
approximated by:
ln(
I
I0
) ≈ −γ2G20τ12(τ2 +
2
3
τ1)D, (4.3)
For the measurements, τ2 was set long enough (1 ms ≤ τ2 < 100 ms) in order
to assure an encoding time τ1  τ2. By increasing τ1 (7µs ≤ τ1 < 100µs),
the diffusion curve can then be sampled without appreciably varying the total
diffusion time (τ1 + τ2), which is then approximately equal to τ2. For the here
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used values of τ1 and τ2 the polymer is not giving a contribution to the measured
diffusion signal.
The T1 relaxation times of the two liquids were measured with a saturation-
recovery sequence followed by a Hahn-echo for detection. The obtained times are
much longer than the durations set for τ2. For each sample a recycle delay of
about 3 times the corresponding T1 was used. The CPMG echo train employed
an echo time of τE = 0.025 ms to avoid diffusion effects and 100 echoes.
4.2.3 Results and discussions
4.2.3.1 Extraction of the self-diffusion coefficients
Typical proton self-diffusion NMR curves are depicted in Fig. 4.2. For the bulk
liquid, high-quality data are obtained in about 5 minutes (Fig. 4.2a). The self-
diffusion coefficients D0 calculated with the help of Equation 4.3 for bulk n-hexane
and toluene are 4.53 × 10−9m2/s and 2.37 × 10−9m2/s, in good agreement with
reference values(see Appendix B).
Figure 4.2: Proton self-diffusion NMR curves of toluene and n-hexane: a) in bulk
and b) in LDPE. The lines represent fits of Eq. 4.3 to the experimental data.
In the case of the liquid inside PE a self-diffusion curve is obtained in less
than 20 minutes (Figure 4.2b). Here, the diffusion curves are analyzed best by
fitting them with the sum of two components: a fast and a slow one. This in-
dicates the coexistence of two different contributions to the NMR signal. The
presence of these two contributions is because of the existence of the liquid in
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Table 4.2: Proton self-diffusion coefficients of n-hexane and toluene in polyethy-
lene samples measured by unilateral NMR. D0 is the self-diffusion coefficient of
the bulk liquid while D1 and D2, with the relative amplitudes A1 and A2, are the
self-diffusion coefficients of the liquid in the presence of the polymer. The error of
the measured diffusion coefficients is about 5%.
Liquid Sample
D0 × 10−9 A1 D1 × 10−9 A2 D2 × 10−11
(m2/s) (%) (m2/s) (%) (m2/s)
n-Hexane
LLDPE
4.53
48 1.47 52 7.35
LDPE 35 1.68 65 4.53
HDPE 1a 37 1.05 63 3.17
HDPE 2 40 0.47 60 1.36
Toluene
LLDPE
2.37
43 0.98 57 8.52
LDPE 43 0.97 57 5.69
HDPE 1a 47 1.11 53 3.08
HDPE 2 46 0.45 54 1.18
two different environments as also observed by CPMG measurements performed
on the same samples. The extracted values (Table 4.2) indicate that the apparent
diffusion coefficient of the fast component (D1) is of the same order of magnitude
as that of the free liquid for the pellets and one order of magnitude smaller for
the HDPE plate while the apparent self-diffusion coefficient of the slow compo-
nent (D2) is two orders of magnitude smaller. For the pellets, we assign the fast
components to the diffusion of residual liquid at the surface of the pellets which
could not be removed by gentle drying. For the HDPE plate, this contribution
steams from liquid inside the polymer and we assign it to liquid present in mi-
crovoids [Hed1]. The diffusion coefficient of the slow component, D2 ∼ 10−11m2/s
is assigned to the liquid inside the polymer for all samples. The extracted values
are in agreement with results reported for similar samples measured by Pulsed
Field Gradient NMR and other methods [Fle2,Fle3,Sel1,Har1].
4.2.3.2 Tortuosity of the polyethylene samples
The crystalline phase in semi-crystalline polymers is considered to be imperme-
able to the liquids and they can penetrate only the amorphous phase [Hed1,Vou1].
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The crystalline phase hinders the solvent diffusion and extends the diffusion path.
One way to characterize the extended diffusion path is in terms of tortuosity [Hed3].
This parameter can be directly evaluated with the help of our measurements: for
long diffusion encoding times, the self-diffusion coefficient reaches an asymptotic
limit defined by the Einstein relation [Kim4]:
lim
τ2→∞
D2(τ2)
D0
=
1
τ
(4.4)
where τ is the tortuosity. The results obtained by varying the diffusion time are
given in Fig. 4.3.a for toluene (for n-hexane similar results were obtained). We
observe that D2 reaches a constant value for diffusion times higher than about
50 ms. During this time, according to the Einstein equation, x2 = 6D2τ2, the
traveled distance x by the penetrant molecules in the PE samples investigated
here is in the range from 1 to 5 µm. Therefore, we attempt to correlate the value
of 50 ms to restrictions imposed by the spherulite boundaries [Fle3] but additional
investigations are needed to confirm this hypothesis.
Figure 4.3: a) Self-diffusion coefficient of toluene as a function of the diffusion
time τ2. b) Correlation between the tortuosity and the degree of crystallinity.
The reported results are in good agreement with previous investigations
and the general concept that an increase in the crystallinity decreases the solvent
mobility in the amorphous polymer phases and increases the tortuosity (Fig.
4.3b) [Lu¨t1,Hed1,Vou1,Fle1,Fle2,Fle3,Sel1,Har1]. The observed correlation shows that the
tortuosity is sensitive to the morphological changes. The diffusion coefficient for
toluene is higher than that for n-hexane, in agreement with other studies which
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showed that D is determined not only by the solubility parameter but also by
the size of the penetrant molecule [Sal1]. Therefore, the above results are a strong
indication that our approach to estimate the self-diffusion coefficients lead to
reliable results.
4.2.3.3 One-dimensional profile of the 1H self-diffusion coefficients
across the wall of a PE pipe
In various applications of polymer products it is important to obtain information
about self-diffusion of solvents at particular positions inside the material with-
out destroying the object. We show here that our approach can provide this
information truly non-destructively. This is demonstrated on a 3 mm tick PE
pipe which showed different mechanical properties at different positions along its
length due to extended exposure to UV-light. It had been shown that a part of
the pipe (called here exposed) had almost 0% elongation at break while another
part (called here non-exposed) had a value of about 400% [Koc1]. The aging process
appears to be heterogeneous across the pipe wall so that D should be measured
at different depths to better understand the aging process. For the NMR analy-
Figure 4.4: Morphological heterogeneities of PE pipe sections exposed to UV
aging across the wall detected by one-dimensional profile of the self-diffusion coef-
ficient. The coefficients were measured at a diffusion time τ2 = 70 ms.
sis, samples from the pipe were fully saturated with n-hexane and kept inside the
n-hexane bath during the measurement to avoid evaporation of the liquid. Figure
4.4 shows the variation of the self-diffusion coefficient across the pipe wall at the
two positions described above. The diffusion coefficient is essentially constant
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for the non-exposed region of the pipe while the exposed part shows an increase
of D from the outer to the inner part. The observed changes indicate not only
that the effect of the UV-light varies with depth but also that the thickness of
the degradated layer can be determined. In our case, the degradated layer is
about 1 mm thick, in agreement with other studies on similar systems [Fur1,Jin1].
The variation of the tortuosity with depth of the exposed sample indicates also
that the morphology is different affected by the UV-light at various depths. We
attribute the increase in the tortuosity towards the surface to an increase in the
crystallinity but also to an overall restriction of the chain mobility.
4.3 Hyperosmolar eye drops studied with the
NMR-MOUSE
The cornea which is one of the few tissues that are not vascularized by capillaries is
the first refractive element of the eye (see Fig. 4.5) accounting for two thirds of the
eyepiece diopter while the lens constitutes the remaining one third [Del1,Fre1,Dra1].
It covers about a fifth of the eye surface, measures on average 11 mm in diam-
eter of an adults eye and its thickness decreases from the periphery (about 600
µm) to the center (about 500 µm). The cornea is composed of three layers of
cells and two membranes arranged from the surface to the aqueous humor as fol-
lows: epithelium, Bowman′s membrane, corneal stroma, Descemet′s membrane,
and corneal endothelium (see Fig. 4.6). The corneal epithelium is composed of
5 to 7 cell layers. The basal layer of cuboidal cells that lay on a basal lamina
are strongly attached to the stroma by complexe adhesions (hemidesmosomes)
and act as a barrier facilitating dispersion of the tear film on the surface of the
cornea. The ”Bowman layer” that is located between the epithelial basement
membrane and the stroma is well individualized in humans and measures 8 to 14
microns in the central part of the cornea. It is synthesized in the fourth month of
embryonic life by the basal cells of the epithelium and is a diffuse layer of collagen
that is never renewed. Therefore, a lesion of the latter would be definitive. The
corneal stroma which accounts for the majority of the cornea thickness (400 µm)
is composed of cells, keratocytes that are quiescent cells responsible for renewing
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the extracellular matrix or healing process, and extracellular matrix proteogly-
cans containing collagen fibrils having a specific arrangement responsible for light
transmission. Regarding the Descemet’s membrane, it is the basal lamina of the
endothelium with a thickness of 10 to 12 µm and is highly elastic and strong while
being permeable to water. The abundance of proteoglycans in the corneal stroma
causes water diffusion from the aqueous humor into the stroma which tends to
increase its thickness, gives a curved shape and changes the transparency of the
cornea (stromal edema). The main function of the corneal endothelium which is
a single layer of non regenerating cells forming a hexagonal mosaic is to pump by
active transport this water excess of the stroma to the aqueous humor in order
to maintain constant hydration of the stroma compatible with the main physio-
logical role of the cornea: light transmission. Thus the importance of studying
fluid transport in the cornea.
Figure 4.5: Annotated diagram of a human eye [Int1]
Nuclear Magnetic resonance (NMR) that offers unique advantages com-
pared to existing diagnostic modalities such as computerized tomography (CT),
is more and more applied in ophthalmology due to its noninvasiveness and high
contrast in various tissues. For the last three decades, morphological and phys-
iological applications of NMR imaging for studying eye have been extensively
performed [Cia1,Tow1]. Nonetheless, difficulties in achieving high resolution imaging
on dedicate tissues like the cornea is a limitation to the technique although resolu-
tion can be increased by using high gradients. In a conventional whole-body MRI
system, the maximum gradient strength is limited to some few mT/m while with
the NMR-MOUSE, a 45 T/m gradients strength (∼ 40 µm resolution) can be
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achieved. Thus, in this section are reported diffusion studies on freshly excised
rabbit corneas to investigate transport mechanisms of aquabidest, Omni-Sorb,
and glycerol via spin-spin relaxation (T2eff) and self-diffusion (D) measurements.
Aquabidest (Millipore-purified water) is distilled water: water (H2O) without the
normal spring water or tap water occurring ions, trace elements and impurities
that is commonly used for cells conservation in biology. Glycerol also known as
glycerin is a colorless, odorless, and viscous liquid that is widely used in pharma-
ceutical formulations and cosmetics due to its anti-bactericidal and anti-virucidal
properties [Boc1]. Used since 50 years to preserve cornea by surgeons and ophthal-
mologists, its potential use in glaucoma surgery for vitreous volume and intraoc-
ular pressure reduction before and after ophthalmological surgery was revealed in
2004 though it should not be used in diabetics patients [Sam2]. The patient is re-
lieved through a regulation of the eye pressure that promotes improved drainage
of aqueous fluid from the eye. The hypertonic saline solution Omni-Sorb [Omn1]
which is composed of 5% sodium chloride, sodium acetate, acetic acid, trometa-
mol, methyl chloride, 0.01% benzalkonium chloride (preservative) and injections
water, is an eye drop applied for physical treatment of edemas (being medicinal
products) via corneal edema de-swelling and osmotic equilibrium restoration.
Figure 4.6: Histological aspect of the cornea [Int1]
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4.3.1 Experimental
Samples were prepared by cutting a flat area in the center of rabbit corneas (∅
= 85 mm) and regularly humidified using some Ringer solution to avoid dry-
ing. The Ringer solution is a physiological solution invented by Sydney Ringer
in the nineteen century that is isotonic to blood. It is usually made up of dis-
tilled water and sodium chloride (NaCl) diluted to 9 for 1000 (9 g/l of NaCl)
such that an animal organ immersed in the liquid stays alive. Following steps
were taken in: (i) First, the cornea without any further treatment (t = 0) was
measured using the NMR-MOUSE. (ii) This was followed by an incubation at
room temperature for 60 min in the probed substance (moist chamber). (iii) A
second NMR measurement after carefully aspirating the excess of substance on
the cornea was performed. The self-diffusion information was extracted following
the experimental procedure detailed in section 4.2 while the proton transverse ef-
fective relaxation decays (T2eff were measured using a CPMG echo train sequence
(see chapter 1) and the results analyzed with monoexponential decay:
Signal = amount× exp(−t/T2eff) (4.5)
4.3.2 Results and discussions
4.3.2.1 Cornea incubated in aquabidest
After 60 min in aquabidest no change was observed in the proton content of
the cornea (see Fig. 4.7) as the variation in effective relaxation time was within
10%. The fit values summarized in Table 4.3. reveal that storing the cornea in
aquabidest could preserve the tissue from drying and thus can be used to hydrate
corneal cells.
Table 4.3: Fitting results of the NMR signal of the cornea before and after incu-
bation in aquabidest.
Corneal status Amount (a.u) T2eff (ms)
Before incubation 42.06 15.64
After incubation 41.74 14.03
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Figure 4.7: T2eff decays of the cornea before and after incubation in aquabidest.
4.3.2.2 Cornea incubated in glycerol
Measurement performed on cornea incubated for 60 min in glycerol show a great
change in the proton content (amount) and the effective relaxation time is in-
creased dramatically (+53%) as illustrated in table 4.4. As the glycerol diffuses
Table 4.4: Fitting results of the NMR signal of the cornea before and after incu-
bation in glycerol.
Corneal status Amount (a.u) T2eff (ms)
Before incubation 46.14 15.19
After incubation 42.76 23.28
into the sample, there is a molecular exchange between the latter and water, re-
sulting in an increased viscosity (longer T1) in the membrane that will strongly
increase the effective relaxation time as illustrated in table 4.5. Indeed, the spin-
spin relaxation time (T2eff) retrieved using the NMR-MOUSE gets longer due to
an increase of the spin-lattice relaxation time (T1)
[Hur1,Cas1]. This explanation is
strongly supported by the decrease in the signal amplitude that is due to the loss
of magnetization.
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Figure 4.8: T2eff decays of the cornea before and after incubation in Glycerol.
There is an increase in sample viscosity (T1) that prolongs T2eff.
4.3.2.3 Cornea incubated in Omni-sorb
After 60 min incubation in Omni-Sorb, the proton fraction which decreases by
about 20% can be correlated to the loss of water in the tissue while the effective
relaxation time shortens by 15% as summarized in Table 4.5., depicting a faster
relaxation time which is due to the increasing salt concentration in the cornea [Shi1].
Table 4.5: Fitting results of the NMR signal of the cornea before and after incu-
bation in Omnisorb.
Corneal status Amount (a.u) T2eff (ms)
Before incubation 42.02 15.17
After incubation 33.80 12.92
4.3.2.4 Diffusion measurements in the cornea
The cornea draws its nutrients that are distributed throughout the stromal fluid
via diffusion from the limbal blood supply and the aqueous humor [Mas1,Gra1]. Thus,
investigating the fluid dynamics in the tissue is of great importance. Therefore the
stromal water mobility is measured through the self-diffusion coefficient, following
cornea incubation in Omnisorb. For the cornea without any further treatment,
a single self-diffusion coefficient is extracted: Dcornea = 1.33 × 10−9m2/s. This
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Figure 4.9: T2eff decays of the cornea before and after incubation in Omni-Sorb.
We observe a lowering of the mobility in the sample.
value is in good agreement with previous work by Donn et al [Don2] who used
radioactive-labelled water for studying stromal water mobility and found a dif-
fusion coefficient 1.6 times smaller than that of free water. In this work and in
some others is also demonstrated the presence of two contributions with similar
behavior representing the extra- and intracellular water. When Omnisorb is used
as testing substance (60 min incubation), two diffusion coefficients could be ex-
tracted and assigned to the water contained in these two domains (see Table 4.7).
Thus, the system can well be studied as a porous medium. The self-diffusion co-
efficient of water at room temperature is about 2.3×10−9m2/s (see Appendix B).
Therefore, 1.33× 10−9m2/s and 1.05× 10−9m2/s which are the reduced diffusion
coefficient in the extracellular space result from the tortuosity of the pore space
formed between the closely packed cells [Hol1,Pri1]. For fresh sample, this accounts
for almost 100 % of the corneal water. After incubation in Omnisorb that has
physico-chemical properties of a salty solution, the osmotic pressure tends to drag
the water molecules from inside to the surface of the cornea, and can therefore be
expected to have a significant influence on the extracellular water. This appears
clearly in the self-diffusion coefficient which decreases due to more restrictions im-
posed by the higher tortuosity, and the fraction contributing to the total signal
that is reduced by more than 25 %. The value 2.81× 10−9m2/s extracted for the
intracellular water is in good agreement with previous measurements [Seh1,Asl1,Pfe1].
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Table 4.6: Self-diffusion coefficients in the cornea before and after incubation in
Omnisorb.
Corneal status Amount (%) D (10−9m2/s)
Before incubation 100 1.329
Extracellular Intracellular Extracellular Intracellular
After incubation 73.4 26.6 1.05 2.81
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Figure 4.10: Self-diffusion coefficient measurement in the cornea before and after
incubation in Omnisorb.
4.4 Conclusions
In the first part of this chapter, we propose an efficient way of determining self-
diffusion coefficients of small protonated molecules in semi-crystalline polymers
using the strong gradient of the NMR-MOUSE. The methodology is demonstrated
on polyethylene samples of different crystallinities and fully saturated with two
different liquids. The measurements are easy to do, fast, and lead to accurate
results which correlate with the degree of crystallinity. By varying the diffusion
time information about the tortuosity of the samples could also be obtained. Fur-
thermore, the possibility to obtain a one-dimensional profile of the self-diffusion
coefficient across heterogeneous semicrystalline polymer samples is reported for
the first time. For this, the self-diffusion coefficient of n-hexane was measured
for two sections of a PE pipe which exhibit different mechanical behavior due to
UV aging. It could be shown that this type of aging produce leads to a heteroge-
neous structure across the pipe wall, in agreement with results obtained by other
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methods on similar samples. The presented results open new doors for study-
ing various semi-crystalline polymer/solvent interactions with the possibility of
improving the existing theoretical models for describing the diffusion of small
penetrant molecules in semi-crystalline polymers.
The second part of the chapter studies the interaction between the cornea
and some Hyperosmolar eye drops using NMR relaxation and diffusion tech-
niques. The protocol is easy to implement on a bench-top NMR device leading
to biological cells study in only a few minutes. Concerning the substances in-
vestigated, aquabidest was confirmed to conserve the tissue intact while glycerol
highly migrates in the membrane, changing the internal viscosity. Omni-sorb not
only shortened the relaxation time in the cornea but also induces a reduction of
water in the tissue, confirming its utility in clinical treatment of eye edema. More-
over, this method reveals its sensitivity in distinguishing intra- and extracellular
fractions of water contained in the cornea.
51
Chapter 5
Accelerated aging of plasticized
PVC studied by 1H NMR
microscopy
5.1 Introduction and motivation
Polyvinyl chloride (PVC) that is generally classified into rigid or flexible material
is one of the most commonly used plastics due to its low price and versatility with
respect to production and customization. Rigid PVC ′s longevity, durability and
weatherproof properties make it ideal for construction products that have been
replacing traditional building materials such as wood, concrete and clay in the
recent years [Hal1]. Because virgin PVC is workable with difficulty, plasticizers are
essential in making it softer and more flexible whereas other additives such as
flame retardants and antioxidants assure the end-use properties of the material.
Accounting for more than half of additives volume used in polymer processing and
applications, plasticizers that give excellent performance in the processing of ther-
moplastics and also provides outstanding properties in the finished products are
used in upholstery (i.e car seats), blood bags, food packaging, clothing, flooring
and roofing membranes, and in flexible hoses and tubing end products. Moreover,
flexible PVC is also an excellent electrical insulator and therefore a model prod-
uct in cabling applications manufacturing. Plasticizer migration is unwanted as
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serving PVC materials would partly lose their desired mechanical properties and
also because some commonly used plasticizers such as phthalates are considered
harmful to human health and the environment [Hil1,Cad1]. Thus, there is a scientific
and industrial interest in investigating aging of plasticized PVC materials. A cer-
tain number of techniques such as heat and volume of mixing, the Flory-Huggins
interaction parameter, virial coefficients, inverse GLC (Gas Liquid Chromatog-
raphy), gravimetry, and empirical compatibility measurements, have been used
so far to study the PVC-plasticizers systems [Sen1,Hua1,Tom1]. These methods that
give indirect information about changes in the material are mainly restricted to
samples with well-defined geometries and dimensions. Additionally, spatial reso-
lution which would determine the homo- or heterogeneity of the plasticizer loss
in the material is hardly achievable applying those methods. Therefore in this
chapter, 1H relaxation measurements using unilateral NMR to monitor plasti-
cized PVC plates aging when subjected to elevated temperature are applied. By
taking advantage of the strong and uniform gradient of an NMR-MOUSE sen-
sor, changes that the polymer and plasticizer suffer upon aging at various depths
across the sample are directly and non-destructively investigated. The mecha-
nisms of plasticizer migration are explained as a function of the molecular weight
of the plasticizer, its diffusion and vapor pressure, thermal aging temperature,
and exposure time.
5.2 Theoretical overview
5.2.1 Incorporation of plasticizer into PVC [Wil1]
Plasticized PVC is compounded and formed either by melt processing or by plas-
tisol processing. Melt processes mostly use PVC resins that are produced by
suspension polymerization forming porous particles capable of absorbing large
amounts of plasticizer. After a preliminary step where dry blends free from flow-
ing powders that can be readily handled and conveyed are produced by high speed
mixing at temperatures up to 70 ◦C, these dry blends are transformed to fused
mass by applying shear at temperatures above 140 ◦C to obtain the final com-
pound. In a different process, plastisol that are essentially liquid dispersions of
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non absorbent (at ambient temperature) spherical particles of PVC resins mainly
produced by emulsion polymerization can be transformed into solid flexible PVC
products following the spreading or dipping by heating to temperatures above
150 ◦C.
5.2.2 Plasticising mechanism [Swa1]
The plasticizer action in plasticized-PVC can be described following various the-
ories: (1) Plasticizer molecules are believed to act as lubricants which force apart
the chains in the amorphous regions of the polymer facilitating the sliding over
each other of these chains. (2) According to the so called ”Gel theory”, plasticizer
molecules form weak bonds with the polymer chain that causes a reduction of
the number of direct bonds between the polymer chains. (3) Alternatively, the
free volume theory claims that the plasticizing effect arises from the increase in
free volume in the system caused by the plasticizer molecules [Hie1,Oga1]. Indeed,
Flory and Fox showed in 1950 that the glass transition temperature (Tg) is the
temperature at which the free space available for molecular motions assumes a
minimum value [Fox1,Mar1]. The free volume is defined to be the ”empty space”
in the polymer calculated as the difference between the actual volume per unit
mass of polymer and the fully crystalline value. In practice, rigid PVC has a Tg
between 80 ◦C and 85 ◦C while the Tg for plasticized-PVC is generally lower with
values down to -40 ◦C.
5.2.3 Plasticizer migration into air
Plasticizer migration in PVC sheets is governed by two major processes: (1)
diffusion form inside to the surface of the PVC sheet, and (2) evaporation from
the PVC sheet surface. The diffusion rate and vapor pressure of the plasticizer
molecules would therefore play an important role in the plasticizer loss as the
evaporation rate is function of the vapor pressure on the surface of the PVC sheet.
Thus evaporation and diffusion that simultaneously occur in the plasticizer-PVC
system stand for two competitive transfer processes. By combining Fick ′s first
law and the conservation equation, the known Fick ′s second law that describes
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the diffusion process can be expressed as [Inc1,Cra1]:
∂c
∂t
= D.∇2c. (5.1)
It is frequently considered that the diffusivity D is independent of concentra-
tion c and hence position, if the plasticizer concentration is over the plasticizer
threshold. Considering the initial condition as being an infinitely thin film placed
between two semi-infinite media, one-dimensional diffusion models are usually
developed [Xiu1]. This is often a good approximation to real situations and forms
the basis for constructing solutions to more complex situations that are to be val-
idated experimentally. In that like, Sears and Darby derived information about
plasticizer loss when vapor pressure is the controlling factor and found that the
latter was directly proportional to time [Sea1]. In the same vein, Papakonstanti-
nou and Papaspyrides experimentally showed a linear behavior between the plas-
ticizer loss and the square root of time, when the migration is dominated by
diffusion [Pap1]
Mt
M∞
= 2
√
Dt
pil2
. (5.2)
where Mt is the amount of plasticizer loss at time t; M∞ is the amount of plas-
ticizer loss at equilibrium; D is the diffusion coefficient; and l is the thickness of
the PVC plate.
5.2.4 Health and environmental concerns of plasticizer
loss
The uniqueness of PVC lies in its structure generally composed of a low but
quite effective crystalline phase (less than 10%) and a predominant amorphous
phase which can incorporate large quantities of plasticizer while crystalline regions
remain plasticizer free and act as barriers preventing plasticizer loss. In the frame
of this thesis, three different plasticized-PVC samples (DINP-PVC, INB-PVC,
and DINCH-PVC) with various plasticizer contents were studied. Diisononyl
phtalate (DINP) that is a mixture of chemical compounds consisting of various
isononyl esters of phthalic acid, is commonly used in everyday products such
flooring, shoe soles and food contact materials. More than 90% of DINP produced
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in the world serves as plasticizer in PVC. Miscible in mineral oil, hexane, and most
organic solvents, DINP (Mw = 418.61 g/mol) are also readily soluble in bodily
fluids, such as plasma and saliva. DINP can migrate out of host materials leading
to their property loss or even mix with food in the case of food contact materials.
This explains a maximum specific migration limit from food contact materials (9
mg per kg of food) that have been set by regulatory organisms like the European
Union and a prohibition in all toys and childcare articles that children can put
in the mouth [Int2].
Isononylbenzoate (INB) belongs to the group of so called benzoic acid ester
plasticizers. It is a fast fusing plasticizer with low viscosity for PVC, supports
properties of high molecular weight plasticizers and can significantly improve
processability and processing speed (e.g. in PVC flooring formulations). INB (Mw
= 248 g/mol) which is better bioavailable to organisms due to its shorter chain
length is biodegradable, less toxic and more environmental friendly compared to
DINP.
1,2-cyclohexanedicarboxylic acid, 1,2-diisononyl ester (DINCH) which was
Figure 5.1: Synthesis of 1,2-cyclohexanedicarboxylic acid, 1,2-diisononyl es-
ter (DINCH) by the hydrogenation of the aromatic ring in diisononyl phthalate
(DINP), in the presence of a noble catalyst. Molecular weight = 422.6 g/mol.
developed to avoid side effects of DINP and other phthalates, is particularly
popular for industrial critical applications such as toys, food applications and
medical equipment including tubes and blood bags. Nevertheless, it can also be
used in more general applications such as wire and cable, automotive, plastisols
(suspension of PVC particles in plasticizer) and other similar applications. The
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latter is synthetized by hydrogenation of the aromatic ring in diisononyl phthalate
(DINP), in the presence of a noble catalyst (Fig. 5.1).
5.3 Experimental section
5.3.1 Materials
Plasticized sheets prepared from PVC that serves as scaffold to which DINP
(C26H42O4), INB (C16H25NO2) or DINCH (C26H48O4) was incorporated were re-
ceived from the company Evonik AG. and used as such throughout this work.
More information about the measured pieces is gathered in Table 5.1. Identical
circular pieces were cut from 1 mm thick sheets for each sample type using the 10
square cm round cutter and were conditioned for one hour in desiccators, their
weights measured with an analytical balance, and then artificially aged according
to dedicated procedures which are detailed in the next section.
Table 5.1: List of the plasticized PVC samples used in this study.
Sample name Plasticizer used (phr)a Mw(g/mol)
b
30 phr DINP
Diisononylphthalate
30
418.6150 phr DINP 50
70 phr DINP 70
50 phr INB Isononylbenzoate 50 248
50 phr DINCH Diisononylcyclohexan-1,2-dicarboxylate 50 422.6
a Plasticizer content in part by weight per hundred of PVC resin (phr).
b Molecular weight of the plasticizer in g/mol
5.3.2 Artificial aging of the samples
5.3.2.1 Aging in oven
For the thermal aging in an oven, the chamber is preheated to 100 ◦C and the
ventilation turned on. The samples that are regularly upturned, are placed in
such a way that the hot air circulation reaches each piece from all it surfaces.
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Afterwards, the aged samples are collected, cooled and weighed before the NMR
measurements are performed.
5.3.2.2 Aging in activated charcoal
The sample is buried in the center of a 250 ml tin can that is filled with activated
carbon and closed with a lid without pressure before placement in the temperature
cabinet which was preheated to 100 ◦C. The sample is removed after a given aging
time, cleaned with soft paper, and weighed before being measured by NMR.
5.3.3 NMR measurements
The microscopy NMR experiments were performed using a profile NMR-MOUSE [Blu¨1,Cas1,Per1].
The dimensions of the sensitive volume were 1 cm × 1 cm × 200 µm. All exper-
iments were performed at room temperature using a multi-solid echo sequence
(see Fig. 2.5) with an echo time of 30 µs and a repetition time of 1 s. The NMR
signals were analyzed with a bi-exponential function:
S(t)
S0
= Ashort exp(−t/T2eff,short) + Along exp(−t/T2eff,long). (5.3)
The short relaxation time denoted by T2eff,short can be attributed to the polymer
chains while the long component T2eff,long expresses the plasticizer phase behavior.
5.4 Results and discussion
5.4.1 Plasticizer volatility in oven
A direct way for evaluating the total plasticizer loss is by gravimetric measure-
ments where the weight difference for each sample can be expressed as percentage
of its original mass (see Fig. 5.2):
Mass loss (%) = (
M −M0
M0
)× 100 (5.4)
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where M0 and M are respectively the initial mass before aging and the mass
after the aging. Figure 5.2 shows the plasticizer loss for three different PVC
samples with different plasticizers: DINP, INB and DINCH. DINP loss evolved
linearly with aging time and the experimental data could be fitted to a first order
polynomial function:
∆M = a× time (5.5)
where a is the speed of the plasticizer loss in the sample. The obtained results are
summarized in Table 5.2. The sample at 70 phr DINP loses the plasticizer faster
than the 50 phr DINP that also loses plasticizer more rapidly than the 30 phr
DINP. Thus, highly plasticized PVC shows a greater plasticizer loss compared to
lightly plasticized PVC. This is in good agreement with previous work by Stark
on plasticizer retention in PVC geomembranes [Ham1]. Moreover, the plasticizer
evaporation at the sample surface clearly controls the migration process due to
the plasticizer loss that is directly proportional to time as illustrated in Fig. 5.3a.
Concerning INB and DINCH, the plasticizer loss linearly correlates with the
Figure 5.2: Weight changes with samples aging time in oven at 100 ◦C. a) Plas-
ticizer is linearly lost with time in 30 phr, 50 phr and 70 phr DINP PVC samples.
b) Plasticizer is linearly lost with the square root of time in PVC containing 50
phr INB and 50 phr DINCH.
square root of time indicating that the plasticizer loss is diffusion-controlled in this
case. When thermal energy is put in the system by heating, the electrostatic force
between the polymer chains and plasticizer molecules can be overcome and the
plasticizers diffusivity increased. This phenomenon can be considered as an ac-
celeration of the natural migration of plasticizers which do not chemically bound
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Figure 5.3: Profiles of non-aged PVC samples containing DINP plasticizer in
various amounts. Effective relaxation times of the polymer a) and plasticizer b)
with the depth. c,d) Relative contributions to the NMR signal respectively from
the polymer and the plasticizer. The error of the measured quantities is about 5%.
to the polymer, and therefore can diffuse throw the porous media (amorphous do-
mains). The data for INB and DINCH for the diffusion-controlled process could
be fitted to a first order polynomial of the square root of time (see Fig.5.3b):
∆M = a×
√
time (5.6)
The loss speeds (a) are summarized in Table 5.2. Nevertheless, this regime is
preceded by a transient period that is strongly influenced by surface evaporation.
The loss from the INB sample during the first 14 days at 100 ◦C is governed
by evaporation while a stationary diffusing regime is already established for the
DINCH sample on its third day in the oven. Comparing INB and DINP loss
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speeds during the 2 first weeks in the oven for samples with the same amount of
plasticizer, INB migrated out of the material faster than DINP.
The results discussed until now emerge from weight measurements (from
Table 5.2: Linear slopes resulting from plasticizer loss in an oven at 100 ◦C.
Process Sample Plasticizer loss speedsa
Evaporation (∼ time)
30 phr DINP -0.23
50 phr DINP -0.28
70 phr DINP -0.33
Diffussion(∼ √time) 50 phr INB -0.81
b/-5.171c
50 phr DINCH -1.694
a The unit is in g/days for evaporation and g/(days)1/2 when diffusion-controlled.
b Evaporation-controlled speed of loss.
c Diffusion-controlled speed of loss.
the bulk sample) thereby obstructing the spatial information. In what follows,
results obtained using the profile NMR-MOUSE are presented and referring to
Eq. 5.3, relaxation times relative to the polymer (T2eff short), plasticizer (T2eff long)
and their relative contribution to the NMR signal (respectively Ashort and Along)
are discussed.
Based on fresh samples profile measurements (see Fig 5.3), a homogeneous
distribution of the plasticizer molecules across the PVC sheets can be noticed.
With increased amount of plasticizer, the value of Along increases as observed
in Fig. 5.3d while an increase in the mobility of the polymer chains due to Tg
depression leads to an increase of T2eff values. When the samples are aged in an
oven, plasticizer is homogenously lost across their section as illustrated in Fig.
5.3. Moreover, the great depression in the ”long” component that characterizes
the amount (Along) and mobility (T2eff long) of the plasticizer molecules (see Fig.
5.4), reveals losses in the sample flexibility. NMR measurements showed trends
that are similar to those previously obtained for gravimetric measurements with a
time dependence of the plasticizer loss in DINP/PVC system while the migration
in INB/PVC and DINCH/PVC samples are composed of two phases as previously
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Figure 5.4: Relaxation and amount changes of the sample aged in an oven. a,b)
DINP-PVC at various proportions. c,d) 50 phr INB and 50 phr DINCH in PVC.
discussed. The effective relation times decrease with aging time as illustrated in
Fig. 5.4 translates the mobility loss of plasticizers as constraints are increased.
In fact, as the plasticizer migrates into air, van der Waals forces among the PVC
chains bring the polymer particles closer together; this increases the tortuosity
in the PVC material that can result in a progressive reduction of the plasticizer
diffusion. Moreover, DINCH single molecules contain 48 protons while INB has
25 implying that if after 30 days both samples show the same loss, then the sam-
ple containing INB has lost about twice more molecules than the DINCH sample,
confirming the higher volatility of lower molecular weight plasticizers.
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5.4.2 Plasticizer migration from PVC into activated car-
bon
Plasticizers likely migrate from plasticized PVC to any neighboring adsorbent
material when they are compatible with the receiving material. For this work,
studies were performed using activated carbon which is a high absorbance sub-
stance with a good efficiency. For illustration, half a kilogram of activated carbon
adsorbs about 20 % to 50 % of its own weight. DINP plasticizer loss showed a
Table 5.3: Linear slopes resulting from plasticizer loss in hot activated carbon as
measured by gravimetry.
Process Sample Plasticizer loss speedsa
Evaporation (∼ time)
30 phr DINP -0.40
50 phr DINP -0.63
70 phr DINP -0.87
Diffussion (∼ √time) 50 phr INB - 5.983
50 phr DINCH - 2.129
a The unit is in g/days for evaporation and g/(days)1/2 when diffusion-controlled.
Figure 5.5: Mass variation of the sample aged in activated carbon.
linear trend with differences in the speeds (loss rate) originating from the plasti-
cizer phase fraction in the material. The loss rate is increased compared to the
previous case where there was no activated carbon surrounding the samples. This
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reiterates the domination of evaporation on diffusion in the DINP loss process
in PVC. Comparing the DINP enriched samples aged in hot air and in hot acti-
vated carbon, it clearly appears that an acute initial phase (time < 3 days) due
to evaporation boosting is observed in the second case. The loss rates are also (2
± 0.5) times higher for the samples recovered with activated carbon compared
to those in simple hot air, thus a faster alteration of the DINP material. The
slopes characterizing the plasticizer losses depicted in Fig. 5.5 are summarized in
Table 5.3. For the non-phthalate plasticizers, the activated charcoal accelerated
the evaporation leading to a more pronounced diffusion-controlled effect on the
plasticizer loss process. This is clearly the case for 50 phr PVC sample were the
plasticizer loss only depends now on a Fickian diffusion. Similar conclusions can
be drawn using NMR measurements as depicted in Fig. 5.6
5.5 Conclusions
The NMR-MOUSE profiling technique that is a powerful tool for studying mor-
phological changes in polymeric materials was explored in this context for non-
destructive testing of plasticized PVC subjected to thermal aging with the final
goal of understanding how plasticizer loss takes place for different plasticizer types
and amounts under different aging conditions. Plasticizer loss was achieved fol-
lowing two different experimental protocols: volatile loss in hot air and migration
into an adsorbent activated carbon at high temperature. The plasticizer loss oc-
cured following two processes: 1) diffusion to the PVC surface and 2) evaporation
from the surface. These results are in agreement with previous work showing that
plasticizers can migrate from plasticized PVC to any adjacent adsorbent mate-
rial if the resistance at the interface between two materials is not too high, and if
the plasticizer is compatible with the receiving material [Pap1,Nas1,Wil1]. NMR data
showed good agreements with the changes observed by weight measurements.
The molecular weight of the studied plasticizers plays a major role in controlling
plasticizer loss. The advantages of higher plasticizer molecular weight include
slower diffusion, which lowers volatile loss into air and slows plasticizer migra-
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Figure 5.6: NMR amplitude variation of the sample aged in activated carbon.
(a) DINP plasticizer and (c) 50 phr INB and 50 phr DINCH effective relaxation
times with aging duration. b,d) Relative contributions to the NMR signal from the
plasticizer.
tion into solids: DINCH molecules migrated slower compared to INB which is
two times smaller in size. Moreover, the plasticizer loss occurs homogeneously
through the PVC plates with a faster loss observed in the presence of activated
charcoal than in normal oven aging. The activated carbon that catalyses the
process, adsorbs the molecules reaching the surface of the PVC and therefore
maintains the diffusion from inside to the surface at a constant rate as the Fick′s
law holds here. The present study also confirmed the low volatility of Phthalate
plasticizers with DINP migrating slower than INB and DINCH.
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Chapter 6
Solvent-induced migration of
plasticizers from PVC studied by
NMR
6.1 Introduction and motivation
Plasticizers that are added to rigid PVC to make it flexible, resilient and easier to
handle can be released due to liquid-material interaction. Controlling this release
has become an important issue due to consumer protection as plasticized PVC is
used for flooring, children toys, food contact material, blood bags, etc. Plasticizer
migration to surrounding medium leads not only to considerable changes in the
mechanical properties of the polymer but also may lead to blood, food or even
environment contamination. The migration process can generally be related to
the plasticizers nature and amount, contact time, temperature, and liquid type.
Plasticizer migration from plasticized PVC into several organic solvents has been
quantitatively studied by various methods based on gravimetry after Soxhlet ex-
traction and chromatographic measurements with some attempts to construct
model systems explaining the transport dynamics [Xiu1]. Some successful ap-
plication are di-(2-ethylhexyl)phthalate (DEHP) and Bis(2-ethylhexyl)phthalate
(DEHP) studies in liver, kidney, testis, brain, and plasma samples from rat [Deb1].
The quantity, process and kinetics of di-(2-ethylhexyl)phthalate (DEHP) migra-
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tion in 30/70 and 40/60 poly(vinylchloride) (PVC)/DEHP blends were also in-
vestigated using gas chromatograph while the behavior of DEHP migration from
flexible PVC sheets was described by the Ficks law with 2.72−10.1×10−10cm2/s
diffusion coefficients [Kim5]. All these techniques are time-consuming, tedious and
imprecise due to the presence of small amounts of antioxidants in the extract
that can interfere with the gravimetric determination. Moreover, the analyses
are conducted by measuring the extracting solvent leading to indirect interpreta-
tion of the changes occurring in the PVC itself. Replacement of these procedures
with a faster, easier and more specific NMR method would clearly be advanta-
geous. Thus the present chapter reports studies for various plasticizer transfers
from plasticized PVC into n-hexane and deuterated chloroform via NMR mea-
surements directly performed on the polymer sheets. The duration of exposure to
the liquid was particularly followed while microscopic information of the evolution
across the sample thickness was also monitored.
6.2 Plasticized-PVC interaction with solvents
Regarding the process involving solvents and plasticized PVC, two steps must be
considered:
i) First there is the absorption of the liquid and the associated swelling of the
PVC as soon as the material is immersed in the solvent, accompanied by
the plasticizer transfer.
ii) The second step is the drying of the sample when removed from the solvent.
In fact, this process is not simple to model as two processes take place simul-
taneously: the penetrant enters into PVC while the plasticizer exits from the
material. Both transfers happen through diffusion in a transient regime with a
concentration-dependant diffusivity [Tav1]. However, existing models of these two
processes usually consider assumptions that can lead to a questionable numerical
analysis:
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Q1) is the diffusion coefficient D a constant or is it concentration dependent?
Q2) at the initial step (swelling), is plasticizer transfer happening?
Q3) during the desorption step, how is the evaporation of the plasticizer from
the PVC surface influencing the diffusion?
A mathematical treatment of the problem imposes some assumptions and be-
comes even more complicated when considering a multi-dimensional diffusion
process, thus the need of experimental inputs for any model. Although our final
goal is to study aging of plasticized-PVC resulting from plasticizer loss, in the
particular case where additive extraction is enhanced by a solvent, it would be
worthy to properly understand not only the solvents ingress in the polymer but
also the drying process of the sample as this could have an impact on its final
morphology.
6.3 Experimental section
6.3.1 Solvent induced aging of plasticized-PVC
The samples were immersed in the solvent (n-hexane or deuterated chloroform)
heated to 30 ◦C with the help of an oil bath. The ensemble is stirred at about 60
rpm (round per minute). This procedure is carried out for each sample for the
desired aging time. The samples are then removed, gently dried with soft paper,
and weighed. The following step consisted of drying the sample in a ventilated
chamber at 30 ◦C until stabilization of its weight to avoid further changes while
measuring. Then, the NMR measurements were performed. More details about
the sample used are reported in section 5.2 of chapter 5.
6.3.2 NMR measurements
The low-field NMR experiments were performed using a profile NMR-MOUSE
apparatus working at a frequency of 30 MHz. The NMR signal, steaming from
a sensitive volume of 1 cm × 1 cm × 200 µm, was acquired using a multi-
solid echo sequence (Fig. 2.4) to measure effective relaxation times. The NMR
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decays were analyzed with a multi-exponential function as already discussed in
chapter 2. The 1H and 13C solid state NMR measurements were performed under
magic angle spinning (MAS) conditions at 10 kHz using a 500 MHz NMR Bruker
spectrometer. All measurements were run at ambient probe temperature using a
4 mm rotor. The MAS 1H NMR spectra and 13C CPMAS were carried out using a
recycle delay time of 5 s while for the DPMAS 13C NMR a 1 second recycle delay
was used. Both 13C experiments were performed using 1H high-power decoupling
during acquisition. The obtained spectra were calibrated to the chemical shifts
from adamantane.
6.4 Results and discussions
6.4.1 High-field NMR spectroscopy
6.4.1.1 1H-NMR
Solid state NMR spectroscopy allows polymeric materials analysis at different
time scales (different molecular motions) through various methodologies. 1H
NMR under MAS technique provides information about the sample by looking
to the recorded signal as a function of the chemical shift of the various H groups,
leading to a rapid screening of molecules present in the sample as illustrated in
Fig. 6.1 where plasticized PVC is differentiated from pure plasticizer (e.g DINP)
as well as from the solvent (e.g. hexane). The hexane 1H spectrum suffers no
ambiguity with sets of equivalent protons in the ratio 3:2:2 lying near 1 ppm
(δCH3 ∼ 0.9 ppm, δCH2 ∼ 1.1 ppm) while for plasticized PVC samples, the spec-
trum is an altered raw pvc spectrum with strongly pronounced peaks from δCH2
and δCH (δCH ∼ 4.1 ppm) groups of PVC (-CH2-CHCl-). Furthermore, multiplets
that would have enabled plasticizer identification are poorly resolved in the two
regions where these are concentrated (δ ∼ 7.5 ppm, δ ∼ 4 ppm). For samples
aged for 2 hours in hexane the main peaks are broadened due to the loss of plas-
ticizer (Fig. 6.2a). After 72 hours immersion, the PVC peaks are better resolved
while plasticizer related peaks vanish. The resilient CH3 peak (δCH3 ∼ 0.9 ppm)
which could either belong to the plasticizer or to the hexane could not be as-
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Figure 6.1: Proton spectrum of DINP, n-hexane and plasticized non-aged 70 phr
PVC.
signed(see Fig. 6.2b). Thus, although 1H NMR spectrocopy could be used here
as a fast testing method for plasticizer migration, it remains limited due to poor
peak resolution. This can be overcome by using 13C NMR.
Figure 6.2: Proton spectrum for DINP, n-hexane and plasticized PVC sample.
After a) 2 h and b) 72 h immersion time in hexane.
6.4.1.2 13C CPMAS
The typical 13C CPMAS spectrum of plasticized PVC is depicted in Fig. 6.3. For
comparison, the 13C spectra from pure DINP and hexane are also included.13C
NMR allows a good seperation of the signals from the polymer and the groups
from the plasticizer and hexane. In plasticized PVC spectra, PVC and plasticizer
chemical groups contributions can be clearly distinguished (see Fig. 6.3). The
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Figure 6.3: CPMAS spectrum of plasticized PVC sample with 70 phr DINP. 13C
spectra of DINP and hexane obtained by direct polarization are plotted in the
figure for comparison purposes.
solid state spectrum of the PVC chains alone show two high peaks at 56.7 and
46.2 ppm corresponding respectively to the -CHCl and -CH2 groups
[Gar1] while
the rest signals belong to additives that are present in the sample. After 2 h and
72 h of immersion in hexane, the intensity of the signals of plasticizer strongly
decreased as illustrated in Fig. 6.4. This could be due to reduction of the cross-
polarization efficiency or to a loss of plasticizer. In order to find out which of
these two interpretations is the right one, 13C spectra with direct polarization
where also recorded. Moreover, after 72 h of immersion, peaks at the positions
of the hexane signals show up.
Figure 6.4: 13C CPMAS NMR spectrum of PVC samples after (a) 2 hours and
(b) 72 hours immersion in n-hexane. The spectra of the liquids are recorded with
direct polarization and high-power proton decoupling during acquisition.
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6.4.1.3 13C DPMAS
Typical 13C NMR spectra recorded using direct polarization measurements are
depicted in Fig. 6.5. They were performed using a short recycle delay such that
the 13C NMR signals from the most mobile parts can be observed. Plasticizer
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Figure 6.5: 13C DPMAS spectrum of DINP, hexane and non-treated PVC sample.
which is the most mobile phase of the plasticized-PVC system can be visualized
in the raw sample where the major peaks are also those measured for the pure
plasticizer (see Fig.6.5). The results clearly show that most of the plasticizer is
out after 2 hours extraction as shown in Fig. 6.6 while for 72 hours, three peaks
that belong to hexane could clearly be identified (see Fig. 6.6.b). This indicates
that hexane is trapped in the sample and the drying procedure is not able to
remove it.
6.4.1.4 Plasticized extraction using deuterated chlorofrom
Experiment performed using deuterated chloroform expressed a different extrac-
tion behaviour. The main peaks for PVC stay unchanged, thus the uploading
solvent does not remain in the polymer matrix during the drying procedure (Fig.
6.7). Moreover, experiments were conducted on samples with different plasti-
cizer contents and for various washing durations. It could be observed that the
plasticizer is out within 2 hours when soaked in deuterated chloroform.
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Figure 6.6: DPMAS spectrum of PVC samples after (a) 2 hours and (b) 72 hours
immersion in n-hexane. Long time immersed sample show a stronger residual
hexane signal.
6.4.2 Low-field NMR microscopy
6.4.2.1 Plasticizer loss in the presence of n-hexane
From the previous high field experiments, it appears that relatively short times are
sufficient for maximum plasticizer loss when samples are immersed in n-hexane.
Thus to microscopically follow the mechanism in samples, further investigations
were carried using the NMR-MOUSE for short immersion times as illustrated in
Fig. 6.9. The plasticizer loss calls for two steps interpretation: for soaking times
shorter than 1 hour, the mechanism is dominated by the plasticizer migration out
of the sample supported by a lowering in mobility (see Fig. 6.8). This depres-
sion at short immersion times relates to the loss of plasticizer which increases Tg
and leads therefore to a harder material and in consequence to lower T2eff values.
For soaking times greater than 12 hours, polymer swelling by solvent is predom-
inant. The n-hexane replaces plasticizer and therefore the polymer chains win
in mobility again which is then also reflected in an increase of T2eff. A steady
state is reached when the sample is fully saturated with n-hexane (see Fig. 6.8).
The interpretation of this parallel processes upon sample immersion in the liquid
(plasticizer loss and liquid ingress) was only possible by combining the high-field
(Section 6.4.1) and low field data due to the difficulty to distinguish the origin of
the change in relaxation time (plasticized or solvent) observed in low field mea-
surements.
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Figure 6.7: 13C CPMAS NMR spectrum of PVC samples after (a) 2 hours and
(b) 72 hours immersion in chloroform-d. HPDEC NMR spectrum of PVC samples
after (c) 2 hours and (d) 72 hours immersion in chloroform-d. The spectra of
the liquids are recorded with direct polarization and high-power proton decoupling
during acquisition.
The plasticizer loss is homogeneous across the sample profile. In fact previ-
ous work on similar system showed that more than 10 hours would be needed for
maximum extraction [Xiu1]. Therefore, the plasticizer/hexane mixture is believed
to self-diffuse during sample drying, and isotropically distribute in the sample.
During the second process which is characterized by a replacement of plasticized
molecules by the solvent, the outer layers of the sample get dried first when
the samples are taking out of the solvent and become rigid. Thus, trapping the
solvent inside the sample by acting as barriers as illustrated in Fig. 6.9.
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Figure 6.8: Plasticizer loss and the solvent ingress competitive processes in Plas-
ticized PVC.(a) Mean relaxation times of the soft fraction in the sample.(b) Mean
contribution to the NMR signal of the soft fraction.
6.4.2.2 Effect of amount and plasticizer type during plasticizer loss
in the presence of n-hexane
In this part are presented experiments on samples with 50 phr DINP, INB or
DINCH plasticizer upon immersion in n-hexane. Figure 6.10 illustrates the two
step pathway governing the plasticizer loss due to n-hexane independently from
the initial plasticizer contents. The plasticizer amount plays a role on the tran-
sition point between the two dominating processes. As exemplified in Fig. 6.10,
after 2 hours immersion, the sample with only 30 phr plasticizer is clearly in a
swelling phase due to hexane ingress while the sample with 50 phr is still dom-
inated by plasticizer loss. Thus, the lower the initial plasticizer concentration
the faster the extraction and more extensive if the extractant can diffuse into the
PVC [Nas1]. Another factor controlling the plasticizer migration is the compati-
bility of the plasticizer with the solvent. DINCH shows a higher dissolution in
hexane in comparison to INB. The diffusion rate would also depend on the pore
sizes left by the plasticizing molecules and the Hildebrand solubility parameter
(see Appendix B). The loss of plasticizer, for samples with comparable plasticizer
contain, were fastest for DINCH as illustrated in Fig. 6.11. However, it is difficult
to say in which order this occurs between INB and DINP. For the samples with
50 phr one can observe that after 72 hours immersion in n-hexane, the average
value of the relaxation time is about the same value (about 4.5 ms) which is also
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Figure 6.9: Microscopic screening of 70 phr DINP samples immersed in n-hexane
at room temperature for times until 72 hours. a,c) Effective relaxation times with
the depth and b,d) relative contributions to the NMR signal of the soft part of the
sample.
an indication that at this time the plasticizer is fully replaced by the liquid in all
samples.
6.4.2.3 Plasticizer loss in the presence of deuterated chloroform
When deuterated chloroform is used as extracting solvent, the values for T2eff and
the soft portion contribution decreases with the treatment time (see Fig. 6.12.).
This shows a complete solvent desorption during the drying process as corrob-
orated by high field measurements (Section 6.4.1). The soft fraction (A long)
reflects what happens with the plasticizer: lower values means lower amounts of
plasticizer. Due to the ever present van der Waals forces, the polymer particles
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Figure 6.10: Plasticized PVC sample immersed in n-hexane at room temperature.
After a transient period were the material loses its additives, there is a rebound in
term of additive content. a,c) Effective relaxation times with the depth and b,d)
relative contributions to the NMR signal of the soft part of the sample initially
incorporating various amount of DINP.
tighten them selves as the plasticizer molecules are dissolved causing a collapse
of the porous medium that shrinks. The latter observation can be used in poly-
mer engineering to produce plasticized PVC with very low matter transfer. The
technique consists of two-steps [Xiu1]: (i) The plasticized PVC sheet is immersed
in hexane for a short time (order of minutes) and (ii) the plastic material is dried
to allow the evaporation of the previously absorbed penetrant. The outer layer
of sample would release it plasticizer, making it rigid and resistance to future
solvent contact. This would also constitute a barrier to the plasticizer trapped in
the inner layers of the material. A PVC sample after treatment can be described
as a sandwich where two membranes of PVC almost without plasticizer clip a slab
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Figure 6.11: Non-phtatalate plasticized PVC sample immersed in n-hexane at
room temperature. a,c) Effective relaxation times with the depth and b,d) relative
contributions to the NMR signal of the soft part of the sample initially incorporat-
ing different types of plasticizer.
of original plasticized PVC [Xiu1]. This results in a new material characterized by
a low matter transfer when put in contact with a liquid.
6.5 Conclusions
In this chapter, a combination of 1H relaxation measurements performed using
single-sided NMR and 13C MAS spectroscopy in a highly homogeneous field was
succesfully applied to characterize plasticizer loss from PVC in contact with liquid
media. Direct information about the changes in the polymeric matrix and of the
plasticizer amount could be gained. For this, PVC with different amounts and
types of plasticizers were investigated by immersing them for various durations in
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Figure 6.12: Microscopic screening of 70 phr DINP samples immersed in deuter-
ated chloroform at room temperature until 7 days. a) Effective relaxation times
with the depth and b) relative contributions to the NMR signal of the soft part of
the sample.
n-hexane and deuterated chloroform. It could clearly be demonstrated that upon
immersion in n-hexane, two processes take place: 1) The plasticizer is lost and 2)
n-hexane replaces the plasticizer. These processes occur homogeneously through
the sample thickness. Even upon prolonged drying of the ”wet” sample, n-hexane
still stays inside. Therefore, our results clearly show that a quantification of
plasticizer loss using the changes in mass of the ”dry” sample after different
immersion times in n-hexane lead to incomplete results. It could also be shown
that the lower the amount of plasticizer, the faster the plasticizer is replaced
by the n-hexane. Furthermore, for the same amount of plasticizer, the loss is
strongly dependent on the type of plasticizer. The samples on which the n-hexane
replaced the plasticizer show similar properties. Upon immersion in deuterated
chloroform, the samples show similar behavior as with the n-hexane. The results
of the present study can be further used to improve the resistance of plasticized
PVC towards various liquids. Moreover, using single-sided sensors, information
about the status of certain plasticized PVC objects can be obtained by comparison
with the non-aged object.
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Summary
Nuclear magnetic resonance (NMR) is a well established laboratory technique for
the characterization of rigid polymers, and it has a number of features of poten-
tial benefit for customized materials testing. The technique offers the possibility
of analyzing samples in a non-invasive way to provide besides other techniques
such as Fourier Transform Infrared Spectroscopy (FTIR), differential scanning
calorimetry (DSC) and X-ray diffraction, highly specific information. Therefore,
measurements can be carried out on polymeric materials as well as on biological
tissues to observe swelling processes, molecular diffusions and aging procedures.
The present work mainly addressed morphological changes occurring in semi-
crystalline and amorphous polymers when interacting with matter.
Following the original results obtained for various polymers such polyethy-
lene (PE), polypropylene (PP) and polyvinylchloride (PVC), it was confirmed
that swelling, diffusion and aging procedures mainly take place in the amor-
phous regions for semi-crystalline polymers. Chapter three that was dedicated to
polymeric tubing materials interacting with solvent such as isooctane (gasoline),
diesel and biodiesel wrestled with the suitability of these conducts for hydrocar-
bon transportation. In all cases, pressure, temperature and duration of exposure
played a major role on solvent diffusivity in the material with polypropylene
(PP) showing a better resistance compared to polyethylene (PE). Moreover, test-
ing the absorption kinetics in polyethylene and polypropylene material resulted
in a better resistance of polyethylene towards biodiesel compared to petrodiesel
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and isooctane while polypropylene resisted best to petrodiesel. Correlations be-
tween NMR parameters and physico-mechanical properties for such aged samples
were also established, envisaging the use of NMR profiling technique in a large
number of applications such as lifetime prediction of pipes in the field, joints and
sealing components. This material alteration which is connected to swelling is
often largely confined to the amorphous regions as above-mentionned. At the
end of the swelling, equilibrium is reached when the free volume is filled with
the penetrant molecules. Under high temperature, saturated penetrant concen-
tration, high pressure, and polymer chain alterations caused by the solvent such
as oxidation, rearrangements of constrained amorphous chains take place leading
to structural and mechanical property modifications in the material. This work
can then serve as a simple and accurate experiment providing useful data for
modeling hydrocarbon sorption and aging mechanism of polymeric materials.
The fore-mentioned achievement raised the fundamental question of trans-
port dynamics in semi-crytalline polymers. Thus in the fourth chapter, self-
diffusion in semicrystalline polymers was measured using single-sided NMR. Semi-
crystalline polymers which are of great industrial interest require multiphase mod-
els to estimate their mass transport properties and to simulate the reaction rate
inside the material for a proper design in customized applications. The diffusion
of small-penetrants in such polymers has been extensively investigated mainly
based on gravimetric methods. However, such experiments are essentially re-
stricted to samples with well defined geometries and dimensions, complicating
the application of the method for samples in powder or foam form. Additionally,
it is often difficult to extract and interpret the measured diffusion coefficients
which are always an average over the whole sample. In this chapter, those dif-
ficulties are overcome by taking advantage of the strong and uniform gradient
present in NMR-MOUSE sensors to directly estimate self-diffusion coefficients
and the approach is demonstrated on polyethylene samples with different degrees
of crystallinity which are fully saturated with n-hexane and toluene. The ob-
tained values are in good agreement with published results on similar samples
with the advantage to have been determined faster in this case. Furthermore,
one-dimensional profiles of the self-diffusion coefficients across the thickness of a
polymer material with a rectangular shape were obtained in a reasonable amount
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of time and demonstration made on various polyethylene samples fully saturated
with n-hexane. In such way, important information about the heterogeneity, for
example, of the aging process of the polymer was gained. Moreover, ophthalmol-
ogists could find here an additional laboratory tool for routine testing of drugs for
the cornea as the same NMR methodology and instrumental setup was applied
for investigating product diffusion in rabbit cornea with a clear and unequivocal
success.
In the fifth and sixth chapters, chemical and morphological changes oc-
curring in PVC samples containing DINP, INB, and DINCH plasticizers were
investigated. Chapter 5 addresses the plasticizer volatility by characterizing the
plasticizer loss with the aging time and environment surrounding the material
when submitted to high temperatures. Profiles of plasticized PVC films were
measured after being artificially aged in oven in the absence and in the presence
of hot activated charcoal. The plasticizer loss is homogeneous across the whole
plate thickness and the NMR results correlate well with the changes observed by
gravimetric measurements. INB which has a smaller molecular weight was more
volatile compared to bigger molecules such as DINCH and DINP. Moreover, it
could be clearly shown that activated carbon catalyzed the loss of plasticizer by
adsorbing the plasticizer at the surface of the samples what facilitates the diffu-
sion process. This demonstrates that the speed of plasticizer loss will depend on
the adsorption efficiency of the material in contact with the sample.
Using a profiling NMR sensor, direct information about microscopic changes
suffered by PVC polymer and the plasticizer upon aging or elution at various
depths across plate samples were obtained for the first time. The results that are
supported by 1H and 13C solid state NMR measurements performed under magic
angle sample spinning were detailed in the sixth chapter. Hexane penetrates plas-
ticized PVC while dissolving the plasticizer, and both the solvent and plasticizer
diffuse out of the material. When the sample is removed from the solvent, some
hexane will stay trapped in the sample due to plasticizer-free layers at the sam-
ple surfaces, making irrelevant plasticizer loss quantification performed on PVC
samples by gravimetry after Soxhlet extraction. Cloroform which has a better
solubility in PVC polymer would also dissolve the plasticizer and extracts the
latter following a similar process. It was observed that cloroform better diffused
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out of the material compared to hexane.
Throughout this thesis, in the final analysis, a deeper understanding of poly-
mers microstructure is obtained. Information about structural changes that can
occur in the material is truly non-destructively collected at a microscopic scale.
This heralds a brighter future for NMR in polymer science where hopefully in
the immediate future, new NMR approaches to wrestle with unsolved problems
(such as the effect of intramolecular and intermolecular chain forces on mobility)
will be explored.
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Appendix A
Graphical evaluation of
interdiffusion coefficients in real
NMR experiments
The mathematic approach to be introduced herein for determining the inter-
diffusion coefficient Dint was first suggested by Boltzmann
[Bol1]and then demon-
strated by Matano [Mat1]. The so-called Boltzmann-Matano (also know as Matano-
Boltzmann) method which is based on graphical integration of the Fick′s second
law is employed to determine the interdiffusion coefficient in a polymer. Here are
the steps how one obtains the Boltzmann-Matano equation and how to proceed
for the evaluation of the interdiffusion coefficient.
Fick′s second law is expressed by
∂C
∂t
=
∂
∂x
[Dint
∂C
∂x
] (A.1)
We introduce a new coordinate:
λ =
x√
t
(A.2)
where x and t are independent parameters representing the space and the time.
Then,
dλ = (
∂λ
∂x
)tdx+ (
∂λ
∂t
)xdt (A.3)
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now,
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t
(A.4)
and
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using the above relation,
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Plugging these into the diffusion equation we find:
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t
∂C
∂λ
] (A.10)
For a given diffusion time t, the above equation can be re-written as
− λ
2t
∂C
∂λ
=
1
t
∂
∂λ
[Dint
∂C
∂λ
] (A.11)
Therefore,
−λ
2
∂C = ∂[Dint
∂C
∂λ
] (A.12)
Evaluating the integral from the bulk (c0) to the solvent progress front (c) as
illustrated in Fig. A1,
Dint
∂C
∂λ
∣∣∣∣
c
−Dint ∂C
∂λ
∣∣∣∣
c0
= −1
2
∫ c
c0
λdC (A.13)
85
Appendix
c0 is far away from the diffusion region and is therefore a constant:
Dint
∂C
∂λ
∣∣∣∣
c0
= 0 (A.14)
Turning back to the diffusion equation,
Dint
∂C
∂λ
∣∣∣∣
c
= −1
2
∫ c
c0
λdC (A.15)
so,
Dint = −1
2
∂λ
∂C
∣∣∣∣
c
∫ c
c0
λdC (A.16)
Since we will apply this formalism to a concentration profile taken at a fixed
diffusion time, we treat t as a constant while substituting back λ = x√
t
, we have
Dint(C) = − 1
2t
∂x
∂C
∣∣∣∣
c
∫ c
c0
xdC (A.17)
this is the Bolzmann-Matano equation. By measuring C(x) experimentally, we
Figure A.1: Graphical depiction of the Boltzmann-Matano analysis for evaluating
the interdiffusion as a function of the ingressing solvent concentration.
will be able to give ∂x
∂C
∣∣
c
. As for
∫ c
c0
λdC, we must determine first the origin of x
on which this integral strongly depend. What Matano did was to decompose the
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integral to both sides of the chosen origin,∫ c
c0
λdC =
∫ MS
c0
λdC +
∫ c
MS
λdC (A.18)
First considering
∫MS
c0
λdC,
Since x < 0, c < c0 (or dC < 0), so ,∫ MS
c0
λdC > 0 (A.19)
for the second part
∫ c
MS
λdC
Since x > 0, c < MS (or dC < 0), so ,∫ MS
c0
λdC < 0 (A.20)
we also observe that ∂x
∂C
∣∣
c
< 0.
Dint(C) = − 1
2t
∂x
∂C
∣∣∣∣
c
∫ MS
c0
λdC(> 0) +
∫ c
MS
λdC(< 0) (A.21)
As long as
∫MS
c0
λdC +
∫ c
MS
λdC > 0, Dint(C) > 0
As a boundary condition, when C→ C1 (which is the diffusion front), ∂x∂C
∣∣
c
→∞,
to have Dint still to be finite, (
∫MS
c0
λdC +
∫ c
MS
λdC) must got to zero. That is to
say, x origin must be chosen to have left and right integral equal. This is referred
as the Matano interface and Dint can be determine graphical by after fitting the
experimental data to the right concentration function.
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Reference values
Table I: Self-diffusion coefficients D of various liquids at 25◦C [Bru1].
Liquid D[10−9m2s−1]
Water (H2O) 2.29
Toluene 2.27
n-Hexane 4.26
Table II: Hildebrand solubility parameters [Bru1,Fri1].
Substance δ[(cal/cm3)1/2]
PE 7.9
PP 8.2
Toluene 8.91
n-Hexane 7.24
PVC 9.5
DINCH 8.31
DINP 8.22
INB(Benzoflex) 11.87
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